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ABSTRACT 
This p ro jec t focuses o n recons t ruc t ing t h e glacial dynamics o f t h e T w e e d Val ley 
and su r round ing area in t h e Scot t ish Borders and no r theas t N o r t h u m b e r l a n d f r o m 
t h e glacial geomorpho log i ca l record . Previous invest iga t ions in t h e reg ion are 
heavi ly descr ip t ive and t h e r e has been l i t t le focus o n recons t ruc t ing t h e regional 
ice con f i gu ra t i on , dynamics and sty le o f re t rea t o f th is sector o f t h e Br i t ish Ice 
Sheet. Geomorpho log i ca l m a p p i n g f r o m d ig i ta l e leva t ion mode l s c o n d u c t e d in th is 
s tudy has iden t i f i ed t h r e e m a i n l a n d f o r m assemblages. Land fo rm Assemblage A is 
compr i sed o f h ighly a t t e n u a t e d long i tud ina l subglacial b e d f o r m s , s i tua ted in an 
arc to t h e n o r t h o f t h e Chev io t Massi f . Land fo rm Assemblage B consists o f 
g lac io f luv ia l and g lac io lacust r ine complexes f o u n d at t h e no r theas t edge o f t h e 
Chev io t Mass i f and on t h e No r th N o r t h u m b e r l a n d Coastal Plain. Land fo rm 
Assemblage C is compr i sed o f m e l t w a t e r channels cu t i n to t h e l owe r f lanks o f t h e 
Chev io t and L a m m e r m u i r Hil ls. The geomorpho log i ca l data was s u p p l e m e n t e d by 
sed imento log ica l surveys at se lected si tes. 
F rom t h e g e o m o r p h o l o g i c a l and sed imen to log i ca l character is t ics o f these 
l and fo rms , and also t he i r spat ia l re la t ionsh ip w i t h each o the r , in fe rences have 
been m a d e on reg iona l glacial dynamics . The organ isa t ion o f m e l t w a t e r channels , 
s t ream l i ned b e d f o r m s and eskers have been used t o recons t ruc t reg iona l ice f l o w 
t ra jec to r ies . It has been s h o w n t h a t a po l y t he rma l ice sheet ex is ted, f o r m e d o f a 
w a r m - b a s e d , f as t - f l ow ing T w e e d Ice S t ream t h a t was coalescent w i t h t h e co ld -
based Chev io t Ice Cap. It is p roposed t h a t t h e T w e e d Ice St ream was d i ve r ted 
s o u t h w a r d s a long t h e N o r t h Sea coast by t h e N o r t h Sea Lobe d u r i n g t h e Late 
Devensian. Dur ing deg lac ia t ion , wh i ch is i n fe r red t o have been re la t ive ly rap id , 
t h e Brad fo rd In te r l oba te Complex f o r m e d in t h e su tu re zone b e t w e e n these t w o 
ice masses. Fo l lowing ice s t reaming , the Corn ih i l l -Woo le r Glac iof luv ia l Complex 
f o r m e d and m e l t w a t e r channels we re cu t as t h e T w e e d Ice St ream and Chev io t Ice 
Cap separa ted a long the ice s t ream latera l shear marg in . This s tudy has revea led 
t h a t th is sector o f t h e Br i t ish Ice Sheet was m o r e dynamic t h a n or ig ina l ly t h o u g h t 
and has h igh l igh ted t h e i m p o r t a n c e o f t h e geomorpho log i ca l record f o r ice sheet 
recons t ruc t ions . 
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INTRODUCTION 
This thes is a ims t o recons t ruc t t h e glacial h is tory and reg iona l ice dynamics of t h e Tweed 
Val ley and su r round ing area f r o m t h e glacial geomorpho log i ca l r eco rd . Th rough c o m b i n i n g 
geomorpho log i ca l m a p p i n g and sed imen to log ica l surveys, t h e glacial l a n d f o r m assemblages o f 
th is sec tor o f t h e Br i t ish Ice Sheet have been i den t i f i ed . The ra t iona le fo r unde r tak ing th is 
research is ou t l i ned in th is chap te r . 
1.1 Background: The importance of the geomorphologic record to ice sheet research 
Large ice sheets have t h e capac i ty t o d ramat ica l l y a l te r (and be a l te red by) c l imat ic , 
a tmosphe r i c and oceanic systems (Siegert, 2001) , as w e l l as ex tens ive ly and in tens ive ly 
m o d i f y i n g t h e land over w h i c h t h e y f l o w . The g r o w t h and decay o f t h e vast ice sheets over 
Europe, N o r t h Amer i ca , Green land and Antarc t i ca du r i ng t h e Qua te rna ry b r o u g h t changes in 
g loba l sea levels (c.f. Bell et ai, 1998 ; Dyke et al., 2002 ) , oceanic chemis t r y and c i rcu la t ion 
(c.f. Clark et al., 2000 ; Al ley et al., 2005) , a tmosphe r i c c i rcu la t ion and reg ional and g lobal 
c l imates (c.f. Bigg et al., 2 0 0 3 ) . I t is t h e r e f o r e essent ia l t o unde rs tand processes occur r ing 
w i t h i n ice sheets and t h e mechan isms con t ro l l i ng ice sheet dynamics and stabi l i ty . It is, 
h o w e v e r , remarkab ly d i f f i cu l t and hazardous t o d i rec t l y observe c o n t e m p o r a r y ice sheets 
(Schoof 2004) , and consequen t l y , l i t t le is u n d e r s t o o d abou t t he i r i n te rna l o rgan isa t ion 
(De Angel is and Kleman 2007) . In par t icu lar , l i t t le is u n d e r s t o o d abou t c o n t e m p o r a r y subglacial 
e n v i r o n m e n t s o w i n g t o t h e d i f f i cu l t y in accessing t h e bed (Stokes and Clark, 2 0 0 1 ; 
Schoof, 2004) . M u c h o f w h a t is u n d e r s t o o d a b o u t bo th c o n t e m p o r a r y and palaeo- ice sheets is 
o b t a i n e d f r o m t h e geomorpho log i ca l reco rd , w h i c h is inva luab le t o g lac io logy. I n f o r m a t i o n t h a t 
is una t ta inab le at c o n t e m p o r a r y g laciers ( fo r examp le , da ta on subglacial processes) can be 
p rov ided t h r o u g h t h e s tudy o f t h e geomorpho log i ca l imp r i n t le f t by palaeo- ice sheets 
(Hubbard and Glasser, 2005) . The d i s t r i bu t i on and o rgan isa t ion o f l and fo rms in f o r m e r l y 
g lac ia ted areas prov ides i n f o r m a t i o n on ice sheet d imens ions , i n te rna l con f i gu ra t i on , f l o w 
d i rec t ions and ve loc i t ies , basal cond i t i ons and glacial h is tor ies (Glasser and Benne t t , 2004) . The 
geomorpho log i ca l i m p r i n t le f t by Pleistocene ice sheets is t h e r e f o r e inva luab le t o g lacio logy, as 
i n f o r m a t i o n on glacial processes t h a t is una t ta inab le at m o d e r n glaciers, can be p rov ided 
(Hubbard and Glasser, 2005) . Geomorpho log i ca l cr i ter ia used in t h e iden t i f i ca t i on o f pa laeo-
ice sheet l imi ts inc lude mora ines , d r i f t l im i ts , t r im l i nes (e.g. McCarro l l and Ba l lan tyne , 2000 ; 
Ba l lan tyne et ai, 2006) and g lac io lacust r ine and g lac iof luv ia l depos i ts (e.g. Clark e t al, 2004) . 
F low t ra jec to r ies can be recons t ruc ted f r o m errat ics (e.g. Sissons, 1967) s t ream l i ned b e d f o r m s 
(e.g. Stokes and Clark, 2 0 0 1 ; Br iner, 2007 ; Stokes et al, 2006) , s t r iae and megagrooves (e.g. 
Bradwel l etal, 2008a) and clast macro fabr i cs (e.g. Benn, 1995; Har t and Rose, 2001) . Features 
such as m e l t w a t e r channels and d i f f e ren t i a l zones o f e ros ion a l l ow in ferences t o be made on 
ice th icknesses and t h e t h e r m a l reg ime o f an ice sheet (e.g. Knight 2002 ; Hall and Glasser, 
2003 ; K leman and Glasser, 2007) . Sed imento log ica l data p rov ides i n f o r m a t i o n o n glacigenie 
depos i t i ona l e n v i r o n m e n t s (e.g. Brodz ikowsk i and van Loon, 1 9 9 1 ; Davis et al., 2006 ) , glacial 
t h e r m a l reg ime, and subglacial processes (e.g. M o k h t a r i Fard and Gruszka, 2007) . 
An examp le o f t h e value o f t he geomorpho log i ca l record f o r ice sheet recons t ruc t i ons has 
been t h e iden t i f i ca t i on o f palaeo- ice s t ream t racks. The iden t i f i ca t ion o f pa laeo- ice s t reams 
w i t h i n f o r m e r l y g lac ia ted regions y ie lds i n f o r m a t i o n on the con f igu ra t i on and t h e r m a l regime 
o f past ice' sheets (Stokes ef al, 2006) and can have far=reaching imp l i ca t ions f o r no t on ly 
pa laeo -env i r onmen ta l recons t ruc t ions , bu t also f o r ou r unders tand ing o f c o n t e m p o r a r y ice 
s t reams. Ice s t reams cur ren t l y d ra in large sectors o f t h e Green land and An ta rc t i c Ice Sheets; 
i ndeed , d ischarge f r o m the mar ine -based Wes t An ta rc t i c Ice Sheet (WAIS) is d o m i n a t e d by 
f l o w f r o m ice s t reams (Jacobel ef ai, 1996) . It is a rgued t h e m o s t i m p o r t a n t con t ro l s on ice 
sheet mass balance and stabi l i ty are the con f igu ra t i on and d y n a m i c s o f its ice s t reams (Stokes 
and Clark, 2 0 0 1 ; Stokes e f al., 2006 ; Stokes et a l . , 2007) . A col lapse o f t h e WAIS ice sheet 
w o u l d e q u a t e a p p r o x i m a t e l y t o a sea level rise o f 6 m (Bell e t a l . , 1998) . For these reasons, 
t he re has recent ly been increasing scient i f ic in teres t in ice s t reams and palaeo- ice s t ream 
recons t ruc t ions . 
Palaeo-ice s t reams of t he Laurent ide Ice Sheet (LIS) have been hypothes ised at several 
locat ions , such as a r o u n d t h e Hudson Stra i t (And rews e f al., 1985 ; B o u l t o n and Clark 1990 ; 
Laymon , 1992) , a t V ic tor ia Island and t h e A m u n d s e n Gul f (Hodgson , 1994 ; Stokes e f ai, 2006) 
and Cumber land Sound (Kaplan ef al., 1999) . In these regions, ice s t reaming has been in fe r red 
f r o m several l ines o f geomorpho log i ca l ev idence, inc lud ing a t t e n u a t e d s t ream l i ned b e d f o r m s 
and megascale-glacia l l ineat ions (MSGL) and t h e presence o f ice-s t ream latera l shear marg in 
mora ines (e.g. Dyke and M o r r i s , 1988 ; Stokes and Clark, 2002) . Key t o t h e recons t ruc t i on o f 
f o r m e r ice s t reams has been the d e t e c t i o n o f ' f l ow-se ts ' w i t h i n the geor i i o rpho log ica l record 
(c.f. Clark, 1999) . Ice f l o w ind ica tors are g rouped in to f l ow-se ts o n the basis o f t he i r o r i e n t a t i o n 
2 
and paral le l concordance , p r o x i m i t y t o s u r r o u n d i n g fea tu res and m o r p h o l o g y 
(Stokes et al, 2006) . The i den t i f i ca t i on o f c ross-cu t t ing l and fo rms and s u p e r i m p o s e d f low-sets 
has been used t o recons t ruc t t h e t e m p o r a l changes in the in te rna l con f i gu ra t i on o f ice sheets 
(e.g. Stokes et al., 2006 ; Evans e f al, 2009) . Ice s t reams have also been hypothes ised in 
several loca t ions re la t ing t o t h e Br i t ish Ice Sheet (BIS) and have been used t o suggest t h a t t he 
BIS was m o r e dynamic t h a n had prev ious ly been t h o u g h t (e.g. Go l ledge and Stoker, 
2006 ; Everest e t al., 2005) (see b e l o w in sect ion 1.2). However , desp i te these recent advances, 
ou r unde rs tand ing o f t h e con t ro ls on ice s t reaming , ice s t r eam con f i gu ra t i on and t h e processes 
occur r ing at t h e ice s t ream bed and la tera l marg ins rema ins l i m i t e d . Consequen t l y , t he re are 
sti l l large gaps in o u r know ledge o f t h e con f i gu ra t i on and behav iou r o f pa laeo- ice sheets . 
1.2 The British Ice Sheet (BIS) 
Var ious l ines o f ev idence have been used t o recons t ruc t t he BIS. M o d e l s o f t h e BIS vary great ly 
in t e r m s o f t h e i r inpu ts and o u t p u t s and consequen t l y , t h e r e is l i t t le a g r e e m e n t on the 
m a x i m u m ex ten t , con f i gu ra t i on and th ickness o f ice cover and t h e occu r rence and t i m i n g o f 
advance .and re t rea t .phases (Fretw.ell et al., 2008). In t e r m s o f ice th ickness, Bou l t on et al. 
(1977) p roposed t h a t t h e BIS was at its g rea tes t he igh t over cen t ra l Scot land, w h e r e it reached 
1800 m. In th is m o d e l , t h e BIS is i n fe r red t o have been c o m p o s e d o f several coalesc ing ice 
d o m e s ove r t h e Grampians , cen t ra l I re land and t h e Sou the rn Uplands, t h e Lake Dist r ic t , t he 
Pennines and V^ales (Bou l ton et al., 1977) . A l te rna t i ve ly , Den ton and Hughes (1981) suggested 
tha t a single d o m e o f ice ex is ted ove r cen t ra l Scot land, w i t h ice no th i cker t h a n 1750 m th ick . 
M o r e recent ly , geomorpho log i ca l ev idence in t h e f o r m o f t r im l i nes and nuna taks in Wales, 
sou the rn I re land and the Lake Dist r ic t (e.g. McCat-roll and Ba l lah tyne, 2 0 0 0 ; Bal lantyne et al., 
2006) have been used to in fer ice th ickness . The resul ts suggest t h a t t he ice was t h i n n e r than is 
in fe r red in m o d e l s t h a t use solely t heo re t i ca l mode l s o f ice dynahnics, w h i c h do no t o f t e n take 
in to accoun t t h e under l y ing t o p o g r a p h y (Fre twe l l e f al. 2008) . Since m a n y o f these mode ls 
have been used t o es t ima te ice v o l u m e s , g lac io- isostat ie a d j u s t m e n t ra tes and re la t ive sea-
level change, t h e inc lus ion o f a t o p o g r a p h i c p a r a m e t e r w i t h i n ice sheet mode ls is essent ia l . 
Indeed, Fre twe l l e f al. (2008: 241) s ta te t h a t w h e r e t o p o g r a p h y has been i gno red , such mode ls 
"ser ious ly o v e r e s t i m a t e ice v o l u m e " . As w i t h ice th icknesses, t h e r e has been l i t t le ag reemen t 
on t h e la tera l ex ten t and t i m i n g o f t h e BIS, in large par t due t o a lack o f da teab le depos i ts in 
l ow land areas (Evans ef al. 2005) . Geomorpho log i ca l ev idence used t o in fe r t h e ice l imi ts 
inc lude o f f sho re g lac iomar ine depos i ts and t i l ls (Sejrup ef al. 1994 ; Hall e f al. 2003) and 
onshore g lac io lacust r ine depos i ts and proglacia l lake levels (Gaunt 1981) . The BRITICE 
m a p p i n g p ro jec t co l la ted these n u m e r o u s l ines o f ev idence t o p roduce t h e Glacial M a p o f 
Br i ta in (Clark et al. 2004) . The in fe r red l imi ts o f t h e Devensian ice sheet are shown in Figure 1 . 
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Figure 1: The maximum inferred limit of the Devensian Ice Sheet in 
Britain (shown in blue). From the Glacial Map of Britain (Clark et al., 
2004). 
M o r e recent g lacio logical mode ls are m o r e comp lex and a t t e m p t t o ver i f y m o d e l f ind ings 
against t h e glacial geomorpho log i ca l and geologica l record (e.g. Bou l ton and Hagdorn , 2006 ; 
Brooks et al., 2007 ; Hubbard et al, 2009 ; Evans et al., 2009) . These s tud ies have revealed an 
e x t r e m e l y dynamic ice sheet w i t h con t inuous ly m ig ra t i ng ice dispersal cent res (Evans et al., 
2009) and ice s t reams t h a t " sw i t ch and f l uc tua te in ex ten t and i n tens i t y " (Hubbard et al, 
2009 :758) . Despi te these recent advances, re la t ive ly l i t t le is st i l l u n d e r s t o o d abou t t h e in te rna l 
con f i gu ra t i on o f t h e BIS; t he re have been f e w invest iga t ions t h a t cen te r on i den t i f y i ng pa laeo-
ice s t r eam s ignatures (Everest e t a l . 2005) . Given t h e i m p o r t a n c e o f ice s t reams in d e t e r m i n i n g 
t h e s tab i l i ty o f ice sheets (see sect ion 1.1), t h e r e is a g rea t need t o iden t i f y zones of ice 
s t r eam ing w i t h i n t h e BIS in o rde r t o unde rs tand in m o r e deta i l t h e Devensian ice dynamics 
(Evans et al. 2005) . Ice s t reams o f t h e BIS t h a t have been iden t i f i ed (see Fig. 2, page 5) inc lude 
t h e S t r a t h m o r e Ice S t ream, t h a t f l o w e d o f f sho re f r o m t h e Fir th o f Tay (Gol ledge and Stoker 
4 
2006) and t h e M o r a y Fir th Ice S t ream ( M e r r i t t et al. 1995) . Ice s t r e a m i n g is also in fe r red to 
have occu r red in t h e Irish Sea Basin (Evans and 6 Cofaigh 2003 ; T h o m a s and Chiverre l l 2007 ; 
Rober ts et al., 2007) , in t h e Vale o f York and Vale o f Eden (Evans e t al., 2005) and in t h e T w e e d 
Va l ley (Everest e f al., 2005) . 
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Figure 2: Location and names of ice streams of the BIS (from 
Everest et al., 2005). 
It has been h igh l igh ted in t h e BRITICE Glacial M a p o f Br i ta in p ro jec t (Clark e t al., 2004) t h a t 
t h e r e are g rea t spat ia l va r ia t ions in t h e b o t h t h e v o l u m e and qua l i t y o f geomorpho log i ca l data 
re la t ing t o t h e BIS. F u r t h e r m o r e , in areas w h e r e studies have been carr ied o u t , t he resu l t ing 
ice sheet recons t ruc t ions are h ighly var ied due t o t h e va r ie t y in m e t h o d s ut i l ised (Evans et al., 
2005) . Evans e t al. (2005) s ta te t h a t in o r d e r t o p roduce m o r e con f i den t and accura te 
recons t ruc t ions o f t h e BIS, de ta i led geomorpho log i ca l surveys mus t be unde r taken in regions 
w h e r e t h e r e has been l i t t le research i n to the glacial h is to ry . One such reg ion is the no r theas t 
o f England, in par t i cu la r t h e T w e e d Val ley and no r theas t N o r t h u m b e r l a n d . A f e w s tud ies have 
a i m e d t o recons t ruc t t h e ac t iv i ty o f t h e BIS a long the no r theas t coast (e.g. Carr e t al., 2006 ; 
Davies et al., 2009) , h o w e v e r th is reg ion rema ins l i t t le u n d e r s t o o d . Few dates exist f o r t h e last 
glacial m a x i m u m (LGM), t h e onse t o f deg lac ia t ion or t h e Younger Dryas (YD) (Harr ison e t al . , 
2006) . M u c h o f w h a t is u n d e r s t o o d o f t h e glacial h is to ry in no r t heas t England is based o n 
morpho -s t ra t i g raph i c co r re la t i ons w i t h up land sites e l sewhere in Br i ta in (Lunn, 1980) . The 
glacial sed imen ta r y and g e o m o r p h i c ev idence t h r o u g h o u t th is reg ion is h ighly f r a g m e n t e d 
(Lunn, 1980 , 1995) and consequen t l y , t h e Qua te rna ry record in t h e nor th -eas t remains 
re la t i ve ly i n c o m p l e t e . Compared t o o t h e r up land reg ions o f Br i ta in , t h e Chev io ts t o t h e s o u t h 
o f t h e T w e e d Val ley have rema ined re la t ive ly neg lec ted in t e rms o f g lacio logical research. 
Wh i l s t de ta i l ed geomorpho log i ca l and sed imento log ica l s tud ies have been car r ied at sites in 
th is reg ion (e.g. Gunn and Clough, 1895; Car ru thers , ef al., 1932; Price, 1960 ; C lapper ton , 
1968 , 1970 , 1971a, 1971b) , t he re has been l i t t le emphas is o n recons t ruc t ing t h e regional ice 
dynamics f r o m these records. It has been p roposed t h a t on at least t w o occasions du r i ng the 
Q u a t e r n a r y ice comp le te l y covered nor th -eas t England (Teasdale and Hughes, 1999) ; du r i ng 
t h e Ang l ian (MIS 12) and t h e Devensian (MIS2-4d) (Lunn, 1995) . Li t t le is k n o w n abou t t h e pre-
late Devens ian ; much o f t h e sed imen ta ry ev idence was e r o d e d and m o d i f i e d by la te-Devensian 
g lac ia t ions (Lunn, 1980; Huddar t , 2002a) . Wh i l s t m o r e is k n o w n abou t the ia te-Devens ian t han 
ear l ie r glacials and interglaeials, t h e r e are st i l l large gaps in b o t h the record and ou r know ledge 
o f t h e glacial h is tory of th is reg ion . W h a t is k n o w n a b o u t the Devensian glacial h is tory of 
no r theas t N o r t h u m b e r l a n d and t h e T w e e d Val ley is o u t l i n e d in sect ion 2.1 (page 11) . 
1.3 Aims and Objectives 
The ma in a im o f th is p ro jec t is t o invest igate t h e glacial g e o m o r p h o l o g y o f t he T w e e d Val ley 
a n d s u r r o u n d i n g area w i t h a v i e w t o recons t ruc t ing t h e glacial h is to ry o f t h e reg ion . As 
m e n t i o n e d above , de ta i led invest iga t ions o f ind iv idua l l a n d f o r m groups have prev ious ly been 
car r ied o u t (c.f. Gunn and C iough, 1895; Car ru thers , ef al., 1932; C lapper ton , 1968) , however , 
t h e r e has been l i t t le emphas is on recons t ruc t ing t h e reg ional ice dynamics . In o rde r to address 
t h e a i m , f o u r b road ob jec t ives have been set: 
(1) Rev iew t h e cu r ren t l i te ra tu re on t h e f ie ld si te (see chap te r 2, page 11) ; 
(2) M a p and descr ibe in de ta i l t h e g e o m o r p h o l o g y o f t he T w e e d Val ley and su r round ing 
areas; 
(3) Conduc t sed imen to log ica l surveys at al l ava i lab le exposures t o s u p p l e m e n t t h e 
geomorpho log i ca l da ta ; 
(4) Reconst ruc t t h e ice dynamics o f t he reg ion t h r o u g h t h e i n t e r p r e t a t i o n o f t he 
geomorpho log i ca l and sed imen to log ica l ev idence. 
It is p r o p o s e d t h a t by c o m b i n i n g t h e geomorpho log i ca l r eco rd o f th is sec to r o f t h e BIS w i t h 
i n f o r m a t i o n on glacial processes observed in c o n t e m p o r a r y glacial set t ings, accurate 
i n t e rp re ta t i ons o f th is l i t t l e -s tud ied reg ion can be m a d e (c.f. Evans and Twigg , 2002) . This w i l l 
lead t o a w i d e r unde rs tand ing o f t h e ice dynamics and con f i gu ra t i on o f t h e BIS, w h i c h , as 
m e n t i o n e d above , are h ighly con tes ted . 
1.4 Physiology and Pre-Quaternary Geology of Study Site 
The chosen f ie ld si te covers a p p r o x i m a t e l y 3800 km^ o f no r theas t N o r t h u m b e r l a n d and t h e 
sou theas t Scot t ish Borders (Fig. 3) . The s tudy site incorpora tes t h e T w e e d Val ley and 
L a m m e r m u i r Hills t o t h e n o r t h , t h e N o r t h N o r t h u m b e r l a n d Coastal Plain (NNCP) t o t h e east 
and , in t h e cen t re , t h e mos t no r th -eas te r l y sect ion o f t h e Chev io t Hills, t h e Chev io t massif. The 
Chev io t massif covers an area o f a r o u n d 625 km^ and is charac ter ised by its d is t inc t ive 
t o p o g r a p h y and geology (C lapper ton , 1970b) . The highest po in t is The Cheviot a t 815 m OD. 
Steeply incised s t ream and r iver val leys (Fig. 4 , page 8) ex tend radial ly f r o m t h e p la teau- l ike 
s u m m i t s t o m e e t t h e lowes t s lopes o f t h e Cheviots , w h i c h fa l l sharply t o w a r d s t h e T w e e d and 
Til l r iver plains t o the n o r t h and t h e River Coque t t o t h e sou th (Robson, 1966) . Rivers d ra in ing 
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Figure 3: Main locations mentioned in text and topography of study site. Basemap relief-shaded 
NEXTmap® DEM (NEXTmap^ Britain, Intermap Technologies 2008). Inset map shows field site location 
within the north of the British Isles. 
t h e n o r t h and no r theas t Cheviots 
f l o w p r e d o m i n a n t l y t o w a r d s t h e 
M i l f i e ld Plain a t t h e no r theas t 
edge o f t h e Chev io t Hills. The 
River Breamish f l ows f r o m t h e 
east o f t h e Chev io ts , converg ing 
w i t h W o o l e r W a t e r and t h e River 
Ti l l on t h e M i l f i e l d Plain, j us t 
n o r t h o f t h e t o w n o f W o o l e r . 
F rom here t h e River Ti l l f l o w s 
n o r t h w e s t t o w a r d s t h e River Figure 4: View SE towards Harthope Burn, southwest of 
Wooler For location see Figure 3. Photo: KEHS 
T w e e d . T o w a r d s t h e sou theas t o f 
t h e f ie ld s i te t h e River AIn f l o w s easter ly t o w a r d s A I n m o u t h on t h e coast . The River T w e e d has 
i ts source in t h e Sou the rn Up lands t o t h e wes t o f t h e f ie ld s i te. From here it f l ows east 
b e t w e e n t h e h igher land o f t h e L a m m e r m u i r Hills t o t h e N o r t h and the Chev io t Hills t o the 
s o u t h t o d ischarge in to t h e N o r t h Sea at Be rw i ck -upon -Tweed . Sou th o f Be rw ick -upon-Tweed 
s t re tches t h e NNCP, t h e coast l ine o f w h i c h is character ised by sand dunes and beaches w i t h 
mud f l a t s , sandf la ts and sa l tmarshes ( H o r t o n et al., 1999) . 
In t e r m s o f t he geo logy o f t h e reg ion (Fig. 5, page 9) , t h e high g r o u n d o f t h e Chev io t Massi f is 
c o m p o s e d o f g ran i te ( shown in b r igh t b lue in Fig. 5, page 9) o f Old Red Sandstone (Devonian) 
age tha t was i n t r uded in to an andes i t ic and basalt ic lava d o m e (shown in g reen in Fig.5, 
page 9) (Tomke ie f f , 1965 ; M i t c h e l l , 2008) a r o u n d 380 M a (Har r ison, 1996) . In t rus ive po rphy r i t e 
has f o r m e d dykes w i t h i n t h e lava d o m e (shown in red in Fig. 5, page 9) . The gran i te f o r m s the 
h ighest g r o u n d due t o its h igh res is tance t o w e a t h e r i n g . The s u r r o u n d i n g andesi t ic and 
basalt ic lavas are genera l ly purp le or grey and some t imes f lecked w i t h w h i t e spots (Robson, 
1966) . The Chev io t Mass i f has been deep ly incised by s t reams, s o m e o f w h i c h have f o r m e d 
a long fau l t l ines cu t t h r o u g h t h e g ran i te (such as Har thope Burn, see Fig. 4 ) . To the n o r t h and 
w e s t o f t h e Chev io t Massif , sands tone and arg i l laceous rocks are f o u n d w i t h maf ic lavas, 
m ic rogabbro i c and mic rogran i t i c rock. Fur ther t o t h e wes t . Upper Old Red Sandstone is f o u n d 
(Tomke ie f f , 1965) . To t h e east o f t h e Chev io t Massi f , a long t h e NNCP, t h e l imes tone , 
sands tone and arg i l laceous rocks are heavi ly in te rsec ted by fau l ts runn ing p r e d o m i n a n t l y E-W. 
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Figure S: Bedrock Geology of Northeast Northumberland ar)d the Tweed Valley. Ir\set map shows 
location within the British Isles. 
1.5 Thesis Structure 
ilihe second chapteriprovidesianioverview of what is understood about the ice dytianiics of the 
region! together with ai review of the existing literature on the (andforms and sediments of the 
field site. The third! chapter describesthe key methods utilised in the project. This is fol lowed 
by the results and interpretation chapter, in Which the data'is presented! and analysed'in the 
context of existingiknowledge on:glacial! processes. The f i f th chapter discusses the: iniplications 
of the results for the; l-econstructionS) of the: regional ice sheet dynamics. The; final chapter 
summarises the key findings and conclusioris, along with suggestions: for furthei- studies. 
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LITERATURE REVIEW: GLACIAL HISTORY OF FIELD SITE 
As mentioned in section 1.2, the Quaternary record of northeast England is relatively 
incomplete and is based on morphostratigraphic correlations with upland sites elsewhere in 
Britain. What little is understood of the glacial dynamics is based on the presence of erratics, 
striae, till fabrics, glaciofluvial deposits, drumlins and glacial drainage channels throughout the 
region (Lunn, 1980). In this chapter, the inferred glacial dynamics of north east England are 
presented. This is followed by a review of the current literature on the glacial geomorphology 
and sedimentology of the Tweed Valley and the Cheviots. 
2.1 Quaternary Glacial History 
The Devensian began around 115 ka BP. During the Middle Devensian cooling intensified and 
by 30 ka BP tundra conditions existed across the British Isles (Huddart, 2002a). Temperatures 
continued to drop and by 30-26 ka BP, polar conditions marked the start of the Late 
Devensian. From 26-13 ka BP, ice cover in north-east England was at its greatest extent, 
although there is much debate over the maximum areal extent of the ice sheet and the t iming 
of the LGM across the region (Huddart, 2002a). In Northumberland, ice was thought to have 
been at its maximum extent around 18 ka BP (Lunn, 1995). Ice flowed into the region from the 
Southern Uplands, the Solway basin and the Scottish Highlands. Flow directions have been 
inferred from onshore and offshore evidence, including erratics, sti^eamlined bedforms, striae 
and til l fabric analysis. It is also thought prior to 24 ka BP, the FIS and BUS were confluent in the 
central northern sector of the North Sea basin (Nygard et al, 2007; Bradwell et al., 2008b). The 
generally accepted relative chronology of ice f low events in Northumberland and the Scottish 
Borders is as follows. Around the LGM (-18 ka BP), f low was predominantly f rom the west, 
wi th ice f lowing from accumulation areas around the Solway Firth and in the Southern Uplands 
(Lunn, 1980; 1995) (see Fig. 6, page 12). Flow of this westerly ice was diverted around the 
Cheviots in Northumberland, wi th the Tweed Ice Stream (TIS) f lowing around the northern 
margins and Solway Ice (flowing through the Tyne Gap) around the south (Fig. 6). 
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Figure 6: Ice flow directions (grey arrows) in northern England and southern Scotland during the Late 
Devensian (modified after Clapperton. 1968; Clapperton, 1971a; Huddart and Glasser, 2002a). 
Basemap A/EXTmop® DEM shows topography of region (NEXTmap Britain, Intermap Technologies 2008). 
Geikie (1876, cited in Clapperton, 1970b) proposed that glacial erratics, tills and striations 
throughout Northumberland were evidence that foreign ice from the west had overridden the 
summits of the Cheviots. Conversely, Clough (1888), proposed that the highest summits were 
independent centres of glaciation, f rom which ice radiated to coalesce with the foreign ice on 
its lowest flanks. Charlesworth (1957) supported this theory, suggesting that the summits had 
been occupied by a small ice cap or semi-consolidated neve field. Carruthers et al. (1932) 
disagreed with the theories of both Geikie and Clough, instead proposing that there was little 
evidence to support the notion that ice occupied or crossed the centre of the massif. If an 
independent ice mass did exist, they proposed that it was at a very early stage and retreated 
before foreign ice withdrew from the lower flanks. Despite several subsequent researchers 
supporting this theory (e.g. Common, 1957; Sissons, 1964), it is now widely agreed that the 
pattern of ice configuration in the region was that proposed by Clough: the Cheviots were 
entirely buried by a cold-based ice cap that was present during a relatively late stage of 
glaciation (Clapperton, 1970b; 1971b; Huddart, 2002c; Mitchell, 2008), although there remains 
some debate on the timing (Harrison et al., 2006). This ice flowed from the dispersal centre on 
the plateau summits to coalesce wi th the TIS and Soiway Ice on the lower flanks of the hills. 
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At the LGM, ice f low in northern England was, as mentioned above, predominantly from west 
to east (Lunn, 1995). Following the LGM, the dominance of ice flow from the Lake District and 
the Solway Firth area was reduced. From the distribution of erratics along the NNCP it has 
been proposed that Tweed, Cheviot and Solway ice were diverted southwards to f low along 
the east coast (Sissons, 1964; Huddart and Glasser, 2002). This diversion is understood to be 
the result of the growth of the North Sea Lobe (NSL) that f lowed southwards from the Scottish 
Highlands into the North Sea Bain (NSB) (Huddart and Glasser, 2002). More recently, a 
complex multi-lobate late-Devensian ice sheet has been invoked along the east coast of 
Britain, wi th ice lobes flowing f rom dispersal centres in southern and northeast Scotland, 
followed by ice f lowing from the Scottish Highlands along the east coast (Davies et al., 2009). 
Several reasons have been suggested for the southerly f low direction of the NSL, including the 
geology of the glacier bed influencing meltwater and ice f low; the growth of the 
Fennoscandian Ice Sheet in the North Sea Basin (e.g. Boulton et al., 2001); and glacio-isostatic 
depression of the east coast of England creating a topographic low that channelled f low south 
(Teasdale and Hughes, 1999). 
Following the retreat of the NSL around 18 ka BP (c.f. Lambeck, 1993), glacial lakes formed 
between the NSL and the western ice masses (Teasdale and Hughes, 1999). Lakes that have 
been hypothesised here include Glacial Lake Humber (e.g. Bateman et al., 2008), Glacial Lake 
Pickering (e.g. Day, 1995) and Glacial Lake Wear (e.g. Raistrick, 1931). By 15 ka BP, the onshore 
margin of the BIS is inferred to have been north of the Scottish border, wi th only small areas of 
ice existing in the Lake District (Huddart, 2002a). It is estimated from correlation with Scottish 
glaciations that the region was fully deglaciated around 13 ka BP and that deglaciation was an 
uninterrupted process (Lunn, 1980, 1995). More recently, it has been suggested that the BIS 
re-advanced into the NSB after 18 ka BP (e.g. McCabe et al., 2005; Nygard et al., 2007), 
however, the timing and extent of these readvance episodes remains highly contested 
(Fretwell et al., 2008). McCabe et al. (1998; 2005) proposed that a significant readvance 
occurred around 14,7 - 14 ^"Cka BP (-15 ka BP). This readvance of the NSL has been linked to 
Heinrich Event 1 and the associated cooling in the North Atlantic brought about by the collapse 
of the LIS (McCabe et al., 1998; 2005). Nygard et al. (2007) proposed that the margin of the 
NSL oscillated at least twice between 17 - 15.5 ka BP. 
During the Younger Dryas (Loch Lomond Stadial), around 10,800 "^C BP (-13 to 11 ka BP)', ice 
readvanced in the Scottish Highlands, the Lake District and the Southern Uplands (Lowe and 
Walker, 1997). It has been proposed that periglacial conditions existed at this t ime, apart from 
in the Bizzle just north of The Cheviot, where a small cirque glacier developed (Harrison et al., 
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2006). Following the Younger Dryas, temperatures increased into the Holocene. Around 10 ka 
BP, sea levels began to rise and by 6 ka. BP much of the characteristic coastline of 
Northumberland was formed (Horton et o/., 1999). 
2.2 Glacial Geomorphological and Sedimentological Evidence 
Reconstructions of the extent, dynamics and configuration of the Devensian ice sheet in the 
Cheviots and Tweed Valley are based on, as mentioned above, a limited body of 
sedimentological and geo.morphplogical evidence. Dating back to the late 19'*" century, glacial 
studies have focussed heavily on detailed landform description and classification, wi th little 
consideration given to reconstructing regional ice dynamics and the relationships between 
landform groups. Landforms identified and attr ibuted to glacial activity include moraines, 
kames, eskers, lake plains, orientated and streamlined bedforms, streamlined tors, glacial 
striations and meltwater channels. In this section, the existing literature on the 
geomorphology and sedimentology of the Cheviots and Tweed Valley is summarised. 
2.2.1 Meltwater channels. 
Arguably the most frequently described of the landforms in and around the Cheviots are 
meltwater channels (Fig. 7, page 15). These features are distributed unevenly throughout the 
area, wi th the vast rinajority carved into the north-eastern and south-eastern slopes of the 
Cheviots. Channels have also been identified in the upper reaches of the Tweed Valley (c-.f. 
Clough, 1888; Carruthers et a!., 1932; Common, 1957; Price, 1960; Derbyshire, 1961; 
Clapperton, 1968; 1970a; 1970b; 1971a; 1971b; Huddart, 2002c). Channels vary in form from 
small, metre-wide depressions to large, complex anastomosing systems wi th deeply incised v-
shaped profiles, multiple inlets and multiple outlets (Lunh, 1980; 1995). The largest channels 
are found in cols and valley heads, are frequently steep-sided with occasionally undulating 
long-profiles (Lunn, 1995). In many instances, channels are cut across spurs (Common 1957). 
Most channels are currently dry or are occupied by small streams and marshy ground. 
It is widely agreed that these meltwater channels were cut by meltwater during deglaciation as 
ice began to downwaste and extensive meltwater systems developed within the ice (Clough, 
1888; Carruthers et al., 1932; Common, 1957; Price, 1960; Derbyshire, 1961; Clapperton, 1968; 
1970a; 1970b; 1971a; 1971b; Huddart, 2002c). The orientation of these channels, which is in 
large parts controlled by ice flow (Clapperton, 1971a; 1971b; Lunn, 1995), has permitted 
reconstructions of local ice f low trajectories. Around the northeast margin of the Cheviots the 
Tweed ice flowed in a south-easterly direction, approximately at right angles to the valleys and 
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spurs (Clapperton 1968; 19713). Despite the agreement that these channels were eroded by 
glacial meltwater, the exact mechanism by which these channels were cut varies greatly 
between authors. Theories include erosion by over-spilling lake water, ice-marginal and sub-
glacial erosion and superimposition of englacial conduits. 
meltwntw cKoimel morain* ^ rottad bedrock 
thivloglacial outwash 
« limit 0* granite 
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Figure 7: Meltwater Channels of the northeast Cheviots, as mapped by Clapperton (1970). Map taken 
from Clappertpn (1970, page 120). 
Initially, Clough (1888) attributed such channels in the Cheviots to erosion by glacial meltwater 
streams, although the position of these streams in relation to the ice was not expanded upon. 
A few decades later, theories emerged that erosional channels (e.g. in Cleveland Hills, 
Yorkshire) were cut as water overspilling from glacial 'lakelets' (Kendall, 1902). This theory 
proposed that where small, glacially-impounded lakes drained over a,col or spur, channels 
were cut (Kendall, 1902). A lack of evidence supporting the existence of such lakes in the 
Cheviots led to the widespread rejection of this theory (c.f. Carruthers ef al., 1932; Corhmon, 
1957; Derbyshire, 1961). Furthermore, several channels identified in col gullies exhibit up-and-
down long profiles, double intakes, double outlets and are frequently occupied by glacial tills, 
which together have been interpreted as evidence of subglacial erosion (Derbyshire, 1961). 
The up-and-down long profiles of many channels is also used to reject the lake^overflow 
theory, as there is "no reason to suppose that outf lowing glacial waters should erode their 
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channels of the lake-ward side of the point of overspill to such a marked degree" (Derbyshire, 
1961:38). 
Carruthers et al. (1930, 1932) suggested that channels cut across spurs and along valley sides 
in the Cheviots were the product of ice-marginal meltwater erosion. This theory was 
supported by Common (1957), who proposed that channels at progressively lower heights, 
such as those in the Hedgeley Basin, were cut by retreating ice, wi th each channel recording a 
progressive lowering in the ice surface. Like Common (1957), Price (1960) attr ibuted ice-
marginal meltwaters with channel formation in the upper reaches o f the Tweed Valley (Price 
1960) . Price (1960:487) interpreted that channels running down the hillsides at "considerable 
angles to the contour lines" were subglacial chutes, formed by water plunging down slopes 
and underneath the ice (Clapp'erton, 1968). Common (1957) suggested that channel form was 
heavily influenced by the rate of ice retreat, which varied in different localities. Their resulting 
form was understood to be a reflection of the length of t ime the channels were occupied by 
hneltwater and the source and routing of the meltwater (Common, 1957). The bedrock 
geology is also proposed to. have had an influence on the fdrrti of these channels; Derbyshire 
(1961) proposed that interrupted sections along the longitudinal profiles ofsubglacial'channels 
were a result of changing rock types along the channel length, and also structural weaknesses 
such as rock joints, dykes and sills. 
Price (1960) interpreted a small number of severed spur channels in the Tweed Valley as 
evidence of erosion by supraglacial or englacial channels. When these channels came into 
contact wi th the hillside, erosion occurred and channels were cut. Price (1960) concludes that 
only a relatively small number of channels in the upper Tweed Valley were formed by this 
'superimposition' mechanism. This theory was expanded by Clapperton to explain the 
occurrence of meltwater channels in the Cheviots, Clapperton (1968) proposed superimposed 
channels are most likely to be englacial in origin, rather than supraglacial (Fig.8, page 17). 
Supraglacial hieltwater systems tend to be ephemeral and.in, most instances, find the easiest 
course down through crevasses. He points out that rarely is an entire conduit superimposed; 
sections may remain englaeial whilst others are subglacial. This may lend an explanation to the 
interruptions along the long profiles of certain channels (c.f. Cpmrhon, 1957; Derbyshire, 
1961) . 
Clappertbh (1968) also states that the properties of the ice mass govern the depth to which 
meltwaters can penetrate, suggesting that water within the BIS could penetrate only around 
300-400 ft (-122 m) and that channels only formed when the ice was this thickness. 
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Clapperton (1970a) observes that of all the channels mapped, few exhibit an outlet that its 
more than 400 f t below the inlet, which he argues is a clear indication that the hydrologic 
properties of the ice influence channel formation. The theory of channel superimposition as a 
causative mechanism of channel formation in the Cheviots led Lunn (1995) to propose that a 
'thermally layered' ice sheet must have existed, wi th a cold impenetrable base and a 
temperate region above. 
a. Early stage of dmnwaatage 
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Figure 8: Clapperton's model ofenglacial channel superimposition (image taken from Clapperton, 1968, 
page 209). 
2.2.2 Meltwater deposits 
Where many of these meltwater channels reach the lower slopes of the Cheviots, extensive 
complex sand and gravel deposits are found (Ciapperton, 1968; Lunn, 1980). These deposits 
have an uneven distribution across the region, although they occur mainly in low-lying areas 
(Clapperton, 1971a), wi th the most extensive systems found around Bradford, Cornhill on 
Tweed and Wooler (for location see Fig. 3, page 7). The Bradford Kame is "more characteristic 
and better developed than any other in the county" (Carruthers ef al. 1927) and is well 
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documented in the literature. The cohnplex can be traced for approximately 20 km from 
Belford in the north, to the AIn Valley near Alnwick in the south (Carruthers et al., 1930, see 
Figure 9, page 1919). Elongate mounds and sinuous ridges along this distance are composed 
primarily of sand, silt and gravel (Huddart, 2002b). Carruthers et al., (1930) also identified 
mounds of heterogeneous assemblages of matrix-supported boulders. An early theory 
suggested a pro-glacial 'glacieluvial' (glaciofluvial) origin associated with ice flowing f rom the 
west (Gregory, 1922). Carruthers et al. (1930) rejected a western ice origin, and instead 
proposed the deposits represent a moraine formed at the southern margin of the lobe of the 
Tweed glacier. More recently, it has been suggested that the complex represents a subglacial 
esker that supplied meltwater and sediment into a series of open crevasses (Parsons, 1966, 
cited in Huddart, 2002). Huddart (2002b) interprets the system as a combination of subglacial 
eskers, pro-glacial and glaciolacustrine deltas, glaciofluvial fans and supraglacial kames, formed 
during active ice retreat. However, due to the lack of sedimentary exposures along the length 
of the Bradford Kame complex, many of the inferences made on the processes of formation 
and the pattern of ice retreat remain purely speculative. 
Gunn and Clough (1895) described in detail the deposits south of Cornhill, to the north of the 
Cheviot Massif. The mounds, banks and ridges (frequently referred to as 'kaims') are in places 
composed of coarse, 'sharp' gravel and in others composed of well-rounded coarse gravel with 
pockets of dirty sand and clay. Porphyrite, which is found in the nearby Cheviots (shown in red 
in Fig. 5, page 9), makes up a large proportion of the deposits (Gunn and Clough, 1895). 
Frequently, hollows occupied by small ponds or peat bogs (Gunn and Clough, 1895) are found 
between these mounds. The presence of these pits within the sands and gravels led 
Carruthers et al. (1932) to refer to this system as a moraine of pitted and kettled sands, that 
formed on the ice surface at the southern lateral margin of Tweed Glacier. This system is 
believed to extend to Wooler and further south to the Breamish and Hedgeley Basin (Fig. 10, 
page 20), where accumulations of poorly-sorted sands and gravels have also been associated 
with hill-washed sands and gravels and stagnating ice (Carruthers et al., 1930). They argue 
that the large proportion of 'hill-washed' gravels within this system is evidence that the 
Cheviots did not support an independent ice cap, as these gravels must have conne f rom "ice-
free ground fully exposed to denudation" (Carruthers et al. 1932). The characteristic 
hummocks and pits are interpreted to have forriied as ice .buried by supraglacial deposits 
slowly stagnated during the retreat phase of the Tweed glacier (Carruthers et al., 1932). The 
theories proposed by Carruthers et al. (1930) and Carruthers et al. (1932) were later rejected 
by subsequent researchers as was the use of the word 'moraine' to describe these features. 
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Figure 9: The Bradford-Charlton Gravels (shown in black) as mapped by Carruthers et al (1930). 
Arrows show direction of ice flow. Map taken from Carruthers et al (1930). 
Sissons (1964; 1967) proposed this 'kame moraine' was formed at the southern edge of a large 
lobe of ice that extended down the Tweed basin during the Aberdeen-Lammermuir readvance. 
Alternatively, Derbyshire (1961) attributes the formation of the deposits south of Wooler with 
fluvioglacial deposition between two phases of meltwater channel erosion from a rapidly 
stagnating ice mass over the Cheviots. The deposits in this region are predominantly well 
sorted, show clear bedding structures and are interpreted as eskers, hummocks and kame 
terraces (Clapperton, 1971b). Much of the material comprising these features is thought to 
have been derived from superimposed meltwater channels (see section 2.2.1), re-worked till 
deposits and englacial debris (Clapperton, 1971b), and not from ice-free hillslopes as 
suggested by Carruthers et al. (1930, 1932). These glaciofluvial landforms are interpreted to 
have formed during deglaciation, when supra-, en- and sub-glacial tunnels formed in 
stagnating ice and transported and deposited vast volumes of debris (Clapperton, 1968; 
1971a). Clapperton (1971b) assigned these landforms to a period of deglaciation during which 
meltwater drainage was 'ice directed', i.e. controlled by the surface slope of the ice. During 
this t ime, meltwater channels were cut and esker and kame systems deposited. 
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Figure 10: 'Morainic Gravels' of the Hedgeley Basin, as mapped by Carruthers et al (1930, p.90). Black 
arrows show location of 'dry-valleys' (most likely meltwater channels). For the location of the Hedgeley 
Basin see Fig. 3, page 7. 
2.2.3 Lake deposits 
Following the period of 'ice-directed' meltwater drainage (Clapperton, 1971b), glacial lakes 
formed where the ice masses began to separate along their zones of confluence. In the 
Hedgeley basin (see Fig. 10, above) and the mid-AIn valley, which are separated by Shawdon 
Dene, laminated silts and clays and sand and gravel deltas were interpreted by Clapperton 
(1971b) as glaciolacustrine deposits. In the mid-AIn valley, the separation of the southern and 
northern ice masses allowed a lake to form to an altitude of 60 m (Clapperton, 1971b). In the 
Hedgeley basin, meltwater ponded to an altitude of 85-90 m as the northern (Tweed) ice mass 
separated from the Cheviot ice. Evidence in the form of an incised delta in Shawdon Dene 
suggests the mid-AIn lake drained before the Hedgeley basin lake, which drained when the 
Tweed ice had retreated f rom the valley of the present River Till (Clapperton, 1971b). 
Before the Tweed ice had fully retreated, lakes also formed in the Wooler-Chatton area and 
across the Milfield Plain (Fig. 11 , page 21). Gunn and Ciough (1888) described sand and gravel 
deposits at the edges of the Milfield Plain (NT 990 330), arranged in a flat-topped terrace south 
of Milf ield, small mounds north-east of Milfield and a 'great spread' around Fenton Mill (NT 
970 342). They suggest that they are in some way related to an 'old lake' that occupied the 
plain. Carruthers et al. (1932) further described the deposits of the Milfield Plain and 
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associated these with the end of the glacial period. Lunn (1980) interpreted thick deposits (>22 
m) of laminated lacustrine clays and silts to indicate that a glacial lake formed here. This lake, 
known as Glacial Lake Ewart (Butcher, 1967) is believed to have formed during a late stage of 
glaciation, reaching levels of 45 m (Evans et al., 2005). A sand and gravel delta also formed as 
sand and gravel were washed from an ice lobe blocking the nearby Glenn Valley (Lunn, 1995). 
Lake Ewart drained northwards beneath the receding Tweed Ice, cutting deeply into the 
bedrock beneath, forming the incised meanders occupied by the present day River Till (Lunn, 
1980). 
Figure 11: View west across Milfield Plain, which was occupied by a lake during deglaciation. Photo: 
KEHS. For location of the Milfield Plain see Fig. 3, page 7. 
2.2.4 Glacial Tills and Drumlins 
The tills of this region (referred to as 'boulder clay' or 'drift ') were described in detail by the 
British Geological survey in early 20* century. Along the NNCP and further to the south along 
the coast and up to approximately 15 km inland, an upper and a lower till are identified (Lunn, 
1995). Carruthers ef al. (1927) identified that these tills were separated by fluvially-deposited 
sands and gravels or laminated clays. The lower till is a coarse blue-grey clay, with a high 
proportion of clasts of both local and foreign provenance and occasional rip-up clasts 
(Carruthers et al., 1927; Lunn, 1995). The upper till is purplish-red/brown with a high 
proportion of Cheviot and northern clasts and is less coarse than the lower till (Carruthers et 
al., 1927; Lunn, 1995). Carruthers et al. (1927: 131-132) suggested that the two tills formed in 
the presence of one ice sheet; the lower till is "a true ground moraine" and the upper 
"englacial detr i tus", i.e. the tills were emplaced by lodgement and then melt-out respectively 
(c.f. Boulton, 1980). The mechanism of till emplacement has been proposed to have been a 
combination of 'unconformable facies superimposition', a result of the ice sheet switching 
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between erosion and deposition (Eyies ef al., 1982) and post-glacial weathering (Eyies arid 
Sladen, 1981; Eyies etal., 1982). More recent work on the Devensian tills along the North East 
coast further to the south in County Durham has suggested that the upper and lower tills are 
subglacial traction tills (Davies et al., 2009). The lower till has been associated with ice from 
the Midland Valley and western Southern Uplands and the upper wi th ice an ice lobe flowing 
f rom the eastern Grampian Highlands (Davies et al., 2009). 
Within the valleys of the Cheviot Hills, glacial ti|l is distributed unevenly. Till is found up to an 
altitude of 455 m (Clapperton, 1970b) predominantly on lee slopes facing down-glacier (Luhn, 
1995). Directly south of the River tweed , just to the north of the Cheviots, only one till has 
been identified (Gunn and ,Clough, 1895). The till is red and sandy, wi th few boulders and is 
thicker towards the west (Gunn and Clough, 1895). Around Wark Common (NT 820 367), bore 
holes indicate that the drift thickness is over 100 f t (30 m). Gunn and Clough (1895) also 
observed in many locations around Coldstream that the till formed long parallel ridges, 
interpreted to be drumlins. From the long axes of these, ice flow direction is inferred to range 
f rom north-east to east (Gunn and Clough, 1895; Carruthers et al., 1932). Drumlins and glacial 
striations throughout the Tweed'Valley and along the NNCP have been mapped by Clappertpn 
(1970) (Fig. 12, page 23). The til l composing the drumlins were found to have a higher 
proportion of stones than the surrounding lower ground (Gunn and Clough, 1895). Around 
Ford (NT 946 375) and Etal (NT 925 395), a high proportion of porphyritic boulders (i.e. 
erratics) are found. Clapperton (1971a) suggested that a few drumlins around Kelso (for 
location see Fig. 3, page 7) composed of re-worked glaciofluvial deposits, although 
acknowledged that the rriajority are compiosed of t i l l . It was also considered possible that 
some drumlins.are rock cored (Carruthers et al., 1932). Sissons (1964, 1967) suggested the 
drumlins were formed during the Aberdeen-Lammermuir readvance at the same time as the 
Cornhill esker and kame complex. This was largely rejected by Clappertori (1971a), who stated 
that the druhnlins must pre-date the Co.rnhill complex as the glaciofluvial deposits overlie the 
drumlins in many.situations (as observed by Gunn and Clough, 1895; Carruthers et al. 1932). 
Furthermore, the deposits around Cornhill are as 'fresh' as those around Wooler, further 
evidence that the former were not deposited by a late-stage readvance (Clapperton, 1971a). 
Clapperton (1971a) asserted that the highly elongate form of these drumlins indiizate that the 
f low of the Tweed glacier was fairly rapid. This led Everest et ql. (2005) to propose that the 
Tweed Ice Stream (TIS) f lowed between the Cheviot and Lammerrhuir Hills towards the North 
Sea from its onset zone in the upper Tweed Valley. Fast ice f low here has been associated 
wi th high pore-water pressures facilitating basal sliding (Everest et al., 2005), which 
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streamlined the underlying highly deforrhable red sandy t i l l . Everest et al. (2005) inferred ice 
f low directions in the Tweed Valley f rom the megaflutes, streamlined terrain and drumlins 
mapped by Clark et o/., (2004) in the Glacial Map of Britain. The closely-spaced, highly parallel 
nature of the drumlins, megadrumlins and megaflutes were interpreted as evidence that only 
one flow event occurred (Everest et al., 2005). The TIS is thought to have flowed during a late 
stage of deglaciation, and may have even initiated deglaciation across the wider region 
(Everest et a!., 2005), although the exact t iming is unknown. Whilst it has previously been 
acknowledged that Tweed and Solway ice were diverted southwards by growth of the NSL (e.g. 
Sissons, 1964; Huddalt and Glasser, 2002), this is not considered by Everest et al (2005). 
Indeed, there has been little detailed work undertaken on the TIS; its flow dynamics, t iming 
and interactions with the surrounding ice and topography are not fully understood. 
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Figure 12: Glacial Striae and Drumlins of the Tweed Valley and NNCP mapped by Clapperton (1970). Map 
taken from Clapperton (1970, p.116). 
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3 
METHODOLOGY 
3.1. Introduction 
To describe, understand and explain the impact of the last ice sheet in the Tweed Valley and 
the surrounding area, it was necessary to conduct a detailed investigation of the glacial 
geomorphology and sedimentology. It is possible to establish the pr-bcesses responsible for 
the formation of landforms (and therefore ice dynamics) through combining a detailed analysis 
of their morphological and sedimentary characteristics (Vitek 1996) with "empirical and 
theoretical studies" of the processes associated wi th landform development (Napieralski et al., 
2007; 1). The latter has been achieved by undertaking a thorough study of the literature 
surrounding the field site and Pleistocene ice histories at local, regional and continent-wide 
SGales (see previous two chapters). The'main techniques employed in this study to classify and 
understand the landforms of the field site were geomorphological mapping and sedimentary 
analysis. 
3.2 Geomorphological Mapping 
The technique of mapping is integral to glacial geomorphology and Quaternary studies, and 
has long been utilised by researchers to display spatial data. Geomorphological maps are 
generated by identifying and grouping landforms on the basis of their age, origin and common 
morphologic characteristics and are used to display the "spatial distribution of phenomena" 
(Vitek et al., 1996; 234). Uritil recently, the majority of geomorphological maps were produced 
in the field by mapping features onto topographic base maps (Smith et al., 2006). With regards 
to this study, it was deemed impracticable to carry this out over the entire study area. The 
field site covers an area of around 3800 kmi^; such a large (and relatively inaccessible) area 
could not be mapped effectively at the scale required due to t ime constraints and lack of 
manpower. In order to map the area effectively, it therefore was necessary to identify an 
alternative technique. 
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3.2.1 Remote Sensing and GIS technologies 
Remote sensing of the Earth's surface produces data that that has been "generated without 
direct human measurement" (Richards, ,1981; 41) and includes aerial photography, satellite 
imagery (e.g. Landsat Thematic Mapper, SPOT) and digital elevation models (OEMs) (Smith et 
al., 2006). The spatial and elevation data acquired by remote sensing can be explored using a 
geographical information system (GIS). The development of GIS technologies since the 1960's 
has led to new and efficient ways of dealing with geographical data (Vitek et al., 1996). 
Geographically referenced objects can be stored, referenced) manipulated, analysed and 
visualised easily (Smith et al., 2006). Napieralski et al. (2007) emphasise the importance of GIS 
to palaeo-ice sheet reconstructions, as vast volumes of data requiring a variety of analytical 
approaches can be stored and worked on with great ease. Although GIS softvvare is often 
relatively expensive (as opposed to the materials required for ,'pen and ink' mapping), it is 
becoming cheaper, is easily accessible and 'user friendly', and allows large areas to be studied 
and mapped by fewer people in shorter t ime periods (Smith and Clark, 2005). In many 
geomorphological studies, mapping remotely has replaced field mapping as the method of 
choice (Srhith and Clark, 2005). For this study therefore, mapping from remotely acquired data 
was considered to be the most appropriate method. 
Aerial photographs were not used due mainly to the inherent corhplexities surrounding image 
variability and processing, which results in highly variable mapping results (Smith et al., 2006), 
high costs, and the difficulty of obtaining them for the chosen study area. In many studies it 
has proved near impossible to map from aerial photographs (c.f. Smith ef a!., 2006). Satellite 
imagery (e.g. Landsat Thematic Mapper) often has a much greater spatial coverage than aerial 
photography and is relatively cheaper. The resolution and accuracy of the data however allows 
only moderate detail to be. identif ied, and is not appropriate for detailed rriapping in palaeo-
glaciological terrain (Smith ef a!., 2006). This study required a high resolution dataset, in order 
to identify glacial lahdforms and perform the appropriate rhorphometric analysis. Mapping 
f rom a DEM in a GIS was therefore considered to be the most appropriate method as pixel 
resolutions can be around 10 m and height accuracies around 1.0 m (Smith and Clark, 2005). A 
DEM is define as a "regular gridded matrix representation of the continuous variation of relief 
over- space" (Giilgen and Gokgoz, 2004:2). DEMs hold data on the absolute elevation of a 
landscape and can therefore be used to "visualise landscapes" (Smith eta!., 2006; 149). 
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3.2.2 The NEXtmdp' Britain Database 
The DEM chosen for this study was generated by the NEXTmap* Britain mapping progrannme 
(Internnap Technologies'", 2008), which uses airborne single-pass Interferometric Synthetic 
Aperture Radar (IfSAR) technology to remotely survey the landscape. Two radar antennae 
fixed to an aircraft emit and receive radar signals reflected by the earth's surface. OEMs are 
created by laying the recorded elevation measurements over a grid (Interhiap Technologies™ 
www.intermap.com, 2008). The main reason for using NEXTmap* (as opposed to DEM's 
derived from other sources) was the access to the data. It is also widely acknowledged that 
airborne surveys generate higher detail than spaceborne sensors (such as Satelite Radar 
Topography Mission (SRTM) and Landmap) due to a higher level of sensitivity (Smith et al., 
2006). Resolution and accuracy values of SRTM DEM's are around 90 m and 6 m respectively, 
whereas the NEXTmap* DEM has a vertical resolution of 1 m and a horizontal resolution of 2 m 
(Bradwell et al., 2008). Only LiDAR (light detection and ranging) derived data, is of a higher 
resolution and accuracy. This however was not available for the chosen field site. Furthernriore, 
when mapping glacial terrain, NEXTmap* OEMs have been shown to provide a better estimate 
of ground t ru th than OEMs derived from other sources (Srriith etal., 2006). 
3.2.3 IVlap Generation 
Two geospatial databases were used in which to generate the map - Erdas Imagine 9.1 and 
ESRI ArcMap. Erdas was used to mosaic DEM tiles and map landforms and ArcMap was used to 
generate the end-result map. Two DEMs were used in this study (Fig. 13, page 27); a digital 
surface model (DSM), which is a georhetrically-correct base map and a digital terrain model 
(DTM), which is digitally 'smoothed' to remove artefacts such as buildings, vegetation and 
roads. Both these visualisations were used to reduce error in the landform identification 
process. The mosaiced images were visualised using mulitple-azimuth relief-shading to 
highlight variations in the topography of the field site (Smith and Clark, 2005). The limitations 
of these visualisation methods are examined in the next section. To generate the map, vector 
layers were generated, each including one landform assemblage, for example, 'hummocks', 
'elongate features'. Care was taken to identify and group landfprms solely on the basis of their 
morphology. Landforhis that vyere identified by previous.authors (see chapter 2) were also 
included as were those in existing CIS databases (e.g. the Glacial Map of Britain, Clark et al., 
2004). The boundaries of the features were delimited through creating polygon, point and line 
shapefiles. From the map, certain areas of interest were chosen to map in detail at scale of 
1:25,000. th is increased the number of features that could be mapped in detail (Hubbard and 
Glasser, 2005). These large-scale maps were generated in hiuch the same way as the 
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compilation map using ERDAS and ARC, although the DEMs were overlain by a semi-
transparent l:25,000-scale digital OS maps (from Edina digimap www.edina.ac.uk/digimap). 
The compilation map and the OS maps also highlighted suitable areas for sedimentary analysis 
(section 3.3). 
F/gure 13; OEMs 0///e/d s/te tCFT; DSM 0/ fhe oreo around Wooler RIGHT: DTM of the same area. Note 
the flat area m the centre of the image (The Milfield Plain) is 'smoother' in the DTM - artefacts such as 
trees and buildings have been removed fA/fXTmop® Britain, Intermap Technologies, 2008) 
3.2.3.1 Limitations and reducing errors 
The quality of the interpretation depends heavily on the quality of the maps produced, so 
every effort was taken to reduce errors when mapping. To maintain consistency and reduce 
variability in landform identification, only one person (the author) carried out both computer 
and field mapping. Furthermore, certain areas were re-mapped a few weeks after the initial 
mapping process to ensure the consistency of landform identification. For all of the maps 
generated, features were extensively ground-truthed. This is important as in previous studies, 
mapping from NEXTMap DEMs has resulted in the mis-identification of certain landforms 
(c.f Smith et al. 2006). Clearly, generating a map of glacial landforms requires prior knowledge 
of glacial landforms and processes, although every at tempt was made during mapping to 
group landforms solely on their morphology. 
An important issue in the generation of landform maps from relief-shaded DEMs is that of 
azimuth biasing (Smith and Clark, 2005). Through altering the angle of the 'sun' over the 
image, landforms can be concealed, revealed or incorrectly identif ied. This is particularly 
relevant for linear landforms which are concealed when parallel to the chosen azimuth 
(Cooper, 2003). Therefore, to reduce the likelihood of mis-identifying features, the sun-angle 
was frequently altered during mapping. The DTM and DSM were used for several reasons, 
mainly due to the inherent limitations of the NEXTMap DEMs, which are as follows. Firstly, the 
DSM is an un-altered representation of the height of the land surface, so artefacts such as 
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settlements and roads appear as hummocks and ridges. The likelihood of identifying these as 
landforms was reduced by mapping onto the DTM and DSM at the same t ime using two 
monitors. Secondly, IfSAR technology often performs poorly in forested areas, due to its large 
radar footpr int (Smith et al., 2006). To overcome the possibility of identifying these as glacial 
landforms, the vector layers were lain over l:25,000-scale digital OS map tiles 
(www.edina.ac.uk/diBimap). 
3.3 Sediment Analysis 
It has been suggested that sedimentary evidence from formerly glaciated regions is often more 
important than the geombrphie record in palaeo-environmental reconstructions (Lowe and 
Walker, 1998). Through the description and classification of glacigehic deposits, inferences can 
be made on the glacial processes and climatic conditions at the time of deposition (Krumbein 
and Sloss, 1951; Evans and Benn, 2004). Information can be gained on the types of ice sheets, 
their limits, dynamics and flow directions, the source of sediments and the modes of sediment 
transport and deposition. In view of this it was decided that sedimentary surveys would be 
carried out to supplement the mapping results, as this reinforces the validity of any palaeo-
environmental inferences (Lowe and Walker, 1997). All available sites within the study area 
were selected for sedimentary investigations from the landform compilation nriap and from 
l:25,000-scale OS nriaps. Effort was made to find sites vyithin each landform group that would 
cause minimal disruption to the site and wildlife, for example river cuttings, quarries and pits. 
At each site the same method was employed; sediments were logged in the field and samples 
were taken for laboratory analysis. 
3.3.1 Field Logging 
Once the appropriate sections were identif ied, field logging was carried put. Firstly, notes were 
made on the general characteristics of the site, such as the aspect, dimensions and 
surroundings of the section. This permits an assessment of the contemporary processes 
affecting the section (e.g. fluvial and biological activity) and highlights any health and safety 
issues (Hubbard and Glasser, 2005). GPS readings were taken in order to accurately locate the 
site on the geomorphic map and make the site easy for subsequent researchers to locate. 
Secondly, slumped or disturbed material was removed from the section and loose debris was 
gently cleaned away using a t rowel . A scaled detailed field sketch of the exposure was then 
drawn and sites were chosen at which to log. Every attempt was made to space these sites at 
equal distances along the exposure, although this depended greatly on the stability of the face 
and access to it. A tape measure was attached to the exposed face and detailed notfes were 
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made on the characteristics shown in table 1. Lithofacies codes from Evans and Benn (2004) 
were used to record lithofacies properties when logging (see Appendix A). Facies analysis was 
undertaken through using informal lithofacies codes (see Appendix la ) , which permitted the 
description of the identified facies in a descriptive and objective manner (Evans and Benn, 
1998). Through utilising lithofacies analysis, bias at the interpretation stage was reduced. 
Table 1: Recorded characteristics of logged sediments (modified from Boggs, 1995; Lowe and Walker, 
1998; Evans and Benn, 2004; Hubbard and Glasser, 2005). 
Characteristic Features recorded 
BEDDING 
Internal 
structures 
Sorting and 
Grading 
Palaeocurrent 
data 
DEFORMATION 
STRUCTURES 
CLAST TEXTURE 
AND 
LITHOLOGY 
Beds (>1 cm think) were distinguished from each another by distinct vertical 
changes in clast eharacteristics. Their dimensions were measured and recorded, 
along with their shape (lenticular, tabular, wedge or trough). The nature of the 
contacts between beds (e.g. erosional, deformed or gradational) were recorded 
(Evans and Benn, 2004). 
The presence of structures such as laminae (<1 cm thick), ripples, cross-strata, 
cross-laminae and foresets (Boggs, 1995; Evans and Benn, 2004) was recorded, as 
these are inhportant indicators of varying flow velocities. 
The degree of sorting is established using a standardised scale that ranges "from 
very well sorted to very poorly sorted (Appendix Id). Sorting is a measure of "the 
range of grain sizes present and the magnitude of the spread or scatter of these 
sizes around the mean size" (Boggs 1995; 87). Grading (inverse, normal or massive) 
refers to the vertical .change in grain size and reflects temporal changes in flow 
velocities and sediment supply. 
Palaeocurrent data was generated using a compass-clinometer to measure the 
orientation of imbricated elongate clasts and the orientation of ripple crests. This 
allows former currents and flow directions to be inferred. 
The presence of folding, thrusting, faulting and de-watering structures reveal post-
or syndepositional reworking of deposits, and can reflect fluctuations in ice 
margins, melting of stagnating ice or changes in flow regimes (Evans and Benn, 
2004). 
The size, shape and lithology of clasts within each bed were recorded to provide 
information on clast provenance and mode of transport. The a- b- and c- axes of at 
least 50 randomly selected dasts from each bed were measured using callipers. In 
order to remain objective, Wentworth's (1922) particle size chart (Appendix lb) 
was used to aid the description of clast size and Powers' (1953) roundness index 
(Appendix Ic) was used to record the angularity of clasts. It was ensured that only 
one person carried this out. It is particularly important to record the shape of 
clasts, as this data can be used to infer transport pathways and depositional 
settings (Lowe and Walker, 1998). 
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3.3.2 Laboratory Analysis 
Samples were taken from beds for laboratory particle-size analysis. By combining these results 
wi th clast morphology data (obtained through sedimentary logging), information on the source 
material, transport processes and the environment of deposition can be inferred (McCave et 
al., 1991; Evans and Benn, 2004). Samples vyere first air-dried, weighed and then dry-sieved. 
The fraction below 2mm (-1 on the phi (<\)) scale) was subjected to analysis by a laser 
diffraction particle size analyser. The material was first riffled to obtain a >0.5 g representative 
sample and 20 ml of 20% hydrogen peroxide was added to destroy organic material. The 
samples were placed in a 40°C water bath for several hours, then were centrifuged and the 
acid decanted off. They were then rinsed twice before adding 20 ml of the deflocculent sodium 
hexametaphosphate. The samples were then analysed by a multi-wavelength Beckman-Coulter 
granulometer. As the laser beam passes through the sediment suspension it diffracts. The 
degree of scatter is recorded by a multielement ring detector (McCave et a!., 1991) and the 
flux pattern produced allows the distribution of particle sizes to be inferred. 
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4 
DATA DESCRIPTION AND INTERPRETATION 
Three distinct sediment-landform assemblages have been identified in the Tweed Valley and 
surrounding area. These are, (A) a track of numerous, elongate asymmetric ridges; (B) 
hummocks and sinuous ridges of varying shape and size found at the margins of this track; and 
(C) channels cut into the hillsides of the Cheviot and Lammermuir Hills. The spatial distribution 
of these landfornris is shown in figure 14 (page 32). Features have been identified and 
differentiated from one another on the basis of their morphology and also their 
sedifheritology. 
4.1 Assemblage A: Elongate Ridges 
4.1.1 Description 
Elongate, closely spaced, sub-parallel ridges are identified in the Tweed Valley and across the 
North Northumberland Coastal Plain (NNCP) south of Berwick-upon-Tweed (Fig. 1 5 , page 33). 
These ridges form a sharply delineated arcuate track that is bordered in the Tweed Valley by 
the higher ground of the Cheviots to the south and the Lammermuir Hills to the north. The 
track is convergent from west to east, narrowing f rom 35 km wide in the upper Tweed Valley, 
to around 15 km between the Cheviots and Lammermuir Hills. South of Berwick-upon-Tweed, 
the track extends to the south along the NNCP. In plan, the elongate ridges are ovoid to oval 
in shape and display an almost symmetric axis along their length (Fig. 16, page 33). Along the 
track, ridges are distributed sub-parallel to one another and are orientated along their long 
axis. Occasionally, ridges are connected, forming multiple-crested features (Fig. 17, page 33). 
In cross section, the majority of elongate ridges are asymmetric with a relatively steep-sided 
high point at one end and a gently sloping tapered tail at the other (see Fig. 16, page 33). The 
vast majority of features are orientated with their tapered ends pointing in the same direction: 
N around Kalemouth (NT 709 274), NE around Kelso (NT 725 345), ESE to the south of 
Berwick- upon-Tweed (NT 995 524) and SSE south of Bamburgh. Southwest of Berwick-upon-
Tweed several features are orientated NE, vyhich differs from the majority of the surrounding 
features (Fig. 18, page 34). Between the elongate ridges, subtle, parallel-sided linear and 
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tapered features have been identified. These features are far longer and narrower than the 
elongate ridges but are orientated in the same direction. Elongate ridges and linear features 
range from 120 m to over 2.5 km in length, 10 m to nearly 80 m in height and 100 m to 500 
m in width. 
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Figure 14: Compilation map of glacial landform assemblages in the Tweed Valley and surrounding area. 
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Figure 15.- Distribution of elongate ridges (shown in red). Contours shown in grey at 50 m intervals. Inset 
boxes a, b and c indicate areas shown in figures 21, 17 and 20 respectively. 
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View 
LEFT Figure 16: Shape characteristics of elongate ridges of the Tweed Valley and North Northumberland 
Coastal Plain. 
RIGHT Figure 17: Double-crested elongate features approximately 5 km NE of Kelso. Crests shown in red. 
Location shown in inset box b. Fig.15 (Basemap OS Landform Profile © Crown Copyright/database right 
2008. An Ordnance Survey/EDINA supplied service). 
Elongation (length to width) ratios of the ridges vary greatly across and along the track. The 
most elongate ridges found along the centre of the track, where they are most closely spaced 
and most numerous. The majority of bedforms longer than 1000 m are identified here 
(Fig. 19, page 34). In the vicinity of Coldstream, ratios frequently exceed 1:7 (Fig. 20, page 35). 
Nowhere along the track do elongation ratios exceed 1:12. Towards the lateral margins of the 
track, elongate ridges are less closely spaced and elongation ratios are lower. For example, in 
the vicinity of Gordon (NT 648 431), whilst elongate ridges are well-defined, steep-sided and 
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exceed 70 m in height, elongation ratios are rarely higher than 1:3 (Fig. 2 1 , page 35). Elongate 
ridges to the south of Berwick-upon-Tweed on the North Northumberland Coastal Plain have 
uneven edges, irregular contours and are more subtle than those further northwest. 
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Figure 18: Position of elongate features southwest of Berwick, showing two distinct orientations. 
Those shown in blue are orientated towards the NE, pointing offshore. Those in red loop round the 
Cheviot Massif in an arcuate track. (Relief-shaded DTM from WEXTmop* Britain, Intermap 
Technologies) 
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Figure 19: Elongate features over 1000 m in length (shown in yellow). Features in red <1000 m in length. 
(DTM from NEXTMap* Britain, Intermap Technologies) 
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Figure 20: Highly attenuated ridges northeast of Coldstream (NT 841398). Ridge crests are marked 
with black lines, highpoints with a black dot Elongation ratios are marked in red. Ratios range from 
1:3 to 1:10. Black arrow denotes average orientation (61.2°). (Location shown in Figure 15, box c). 
500 m 500 m .187 m 
Figure 21: Well-defined elongate mounds in the vicinity of Gordon (location shown in inset box a, figure 
15). Note elongate mounds with high point towards the west and tapered end towards the east 
Orientation of long axes is approximately towards the northeast (Basemap OS Landform Profile © 
Crown Copyright/database right 2008. An Ordnance Sun/ey/EDINA supplied sen/ice). 
With regards to the internal structure of the elongate ridges, exposures were not identified for 
sedimentological investigation. Therefore the geology of these features is inferred from 
descriptions in the literature and British Geological Survey geology maps (Geological Map Data 
© NERC 2008). A surficial geology map of the area (Fig. 22, page 36) shows that a large 
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proportion of the region is covered by Devensian glacial till and pockets of glaciofluvial sand 
and gravel. From this map it is tentatively inferred that these elongate features are 
composed of glacial till as their distribution broadly coincides with the til l cover (Fig. 23, 
page 37). This is in broad agreement with descriptions of previous authors who identified long 
parallel ridges formed of an upper and a lower glacial till (e.g. Gunn and Clough, 1895, see 
section 2.2.4, page 21). It has also suggested in the literature that some elongate ridges are 
composed of glaciofluvial sands and gravels (e.g. Ciapperton, 1971a) and that some exhibit 
bedrock cores mantled by till (e.g. Carruthers et al., 1932). Several elongate ridges found on 
higher ground to the west of the Cheviot Massif and to the west of the NNCP, do not appear to 
coincide with the Devensian Till cover and are suggested therefore to be formed of bedrock 
(circled in red in Fig. 23, page 37). This inference, is of course, somewhat speculative and 
would require further field surveys to verify. These landforms are some of the longest 
mapped, with lengths exceeding 1 km. In long profile, these features appear asymmetric. In 
terms of the bedrock structure, to the east of the Cheviot Massif faults trend approximately 
E-W within the limestone, sandstone and argillaceous bedrock (see Fig. 5, page 9). These faults 
lie roughly perpendicular to the orientation of the elongate ridges here. 
erwick-upon-Tweed Legend 
'• 1 Till, Devensian 
Riverterrace deposits 
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Alluvium 
^ Glaciofluvial deposits 
' I Blown sand 
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^ Beach deposits 
figure 22: Distribution of surficial deposits across northeast Northumberland and the Tweed Valley. 
Image underlain by hillshade DEM, highlighting areas where bedrock is not covered by deposits. Area 
outlined in red has not been mapped by the BGS, however the till cover is inferred from Geological Survey 
Memoirs. (Geological Map Data © NERC2008, DTM from NEXTMap'^ Britain, Intermap Technologies). 
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Figure 23: Location of streamlined bedrock ridges (circled in red) and distribution of Devensian Till 
(shown in orange) (Geological Map Data © NERC 2008, DTM from NEXTMap'^ Britain, Intermap 
Technologies) 
4.1.2 Interpretation 
The numerous, highly attenuated sub-parallel ridges identified in a broad track along the 
Tweed Valley and the North Northumberland Coastal Plain are interpreted as longitudinal 
subglacial bedforms. On the basis of their morphology, bedforms are interpreted as flutings, 
drumlins and streamlined hills. These landforms are differentiated from each another on 
account of their dimensions and elongation ratios, and also their distribution and relationship 
to neighbouring landforms. These distinctions are, however, somewhat arbitrary, as these 
features are part of a landform continuum (Rose, 1987). The smooth, parabolic to spindle-
shape of these landforms, their number and high degree of parallel conformity are diagnostic 
characteristics of streamlined subglacial bedforms (Benn and Evans, 1998; Hillier and Smith, 
2007). Elongate, asymmetric ridges with long axes >100 m and elongation ratios <1:7 are 
interpreted as drumlins (Rose, 1987). Asymmetric, streamlined ridges inferred to be formed of 
bedrock are referred to as rock drumlins. More subtle, elongate features between the 
drumlins orientated in the same direction are interpreted as flutings (<100 m) and 
megaflutings. The larger, drumlinoid features with long axes >1000 m, as identified along the 
centre of the Tweed Valley are interpreted as streamlined hills (Benn and Evans, 1998). The 
above interpretation is in agreement with previous researchers, who have all proposed a 
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subglacial origin for these landforms (e.g. Gunn and Clough, 1895; Sissons, 1964; Clappertpn, 
1971a; Eyies et al., 1982; Everest ef al., 2005). 
Due to a lack of sedimentary exposures throughout the region, the exact mode of formation of 
these subglacial bedforms is speculative and is therefore based on their mapped morphology 
and morphometry (and to a lesser extent, their inferred sedimentology, see Figures 22 and 23, 
page 37). The theories on drumlin and flute formation are varied, although it is agreed that 
longitudinal, streamlined bedforms are a reflection of the dynamic conditions at the ice-bed 
interface (Rose, 1987). The most widely accepted theory is that of subglacial deformation, 
where sediment deforms around obstructions and protrusions at the ice-bed interface 
(Boultpn, 1987; Boulton et al., 2001). Rock drumlins are proposed to be the result of focussed 
glacial abrasion on the stoss side of bedrock protrusions. Reduced abrasion on the lee-side of 
these bedforms, resulting in their tapered fot-m, is likely to have occurred where cavity 
formation was inhibited or where lee-side quarrying was inhibited by stable water pressures 
(Dionne, 1987; Benn and Evans, 1998). Rock-cored drumlins rhantled by till (as identified by 
Carruthers et al., 1932) are inferred to have been formed in a similar manner as rock drumlins, 
wi th till being deposited over the top of the streamlined bedi-ock protuberance (e.g. Hill, 
1971). When considering the likely genesis of these rock drumlins and bedrock-cored drumlins, 
the bedrock structure mus;t be considered. Rock drumlin orientation in the New York Drumlin 
Field has been associated wi th the strike of the underlying bedrock, which has resulted in 
dt-umlins whose orientation is independent of glacial erosion.and ice f low (e.g. Kerr and EyIes, 
2007). Faults running through the sandstone, limestone, and argillaceouis rocks of northeast 
Northumberland trend E-W (see Figure 5, page 9), trending approximately perpendicular to the 
orientation of the bedrock drumlins. It is therefore considered unlikely that bedrock structure 
has played a significant role in bedform genesis, instead selective glacial erosion of bedrock 
protuberances is attr ibuted wi th the genesis of these features. 
Clapperton (1971a) identified drumlins formed primarily of reworked glaciofluvial material in 
the Tweed Valley. Whilst this has not been verified in this study, their inferred structure can 
be explained in terms of subglacial deformation. As ice flowed over the Tweed t i l l , which has a 
high proport ion o f clay and sand (Carruthers et al., 1932), pockets of coarser glaciofluvial sands 
and gravels would have acted as an obstruction to ice f low, around which the weaker, finer 
grained til l deformed (Boulton, 1987). Twin crested drumlins mapped around Kelso (see Fig. 
17, page 33) are suggested to have formed where a crescentic pocket of coarser sediment was 
streamlined, forming two tapered downstream ends (Fig. 24, page 39). Local changes in basal 
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conditions or sediment supply may have prevented lee-side infilling of the crescentic ridge (c.f. 
Boulton, 1987), leading to the formation of the observed twin-crested drumlins. 
Figure 24: Twin-crested drumlin formation. Picture A: coarse-grained sediment (shown in dark grey) is 
deposited, over which the glacier advances (picture B), streamlining the bed. Picture C: the coarse 
grained material an obstacle to ice flow, resulting in deposition in the lee-side. Twin-crested drumlins are 
proposed to have formed where lee-side filling did not occur (Adapted from Boulton, 1987). 
The shape, elongation, dimensions and organisation of the drumlins, flutings and streamlined 
hills provide information on flow trajectories and ice-flow dynamics. As drumlins and flutings 
form with their long axes orientated parallel to ice f low, with their tapered end on the lee 
(downstream) side (Jauhiainen, 1975; Martini et al., 2001), flow trajectories can be 
reconstructed. In the central section of the Tweed Valley, between the Cheviots and 
Lammermuir Hills, ice f low was broadly from southwest to northeast, as has been recognised 
by previous researchers (e.g. Lunn, 1995: Everest et al., 2005). In the lower reaches of the 
Tweed Valley, southwest of Berwick-upon-Tweed, bedforms have been identified orientated 
towards the NE, out of trend with the overall orientation of the bedforms in arcuate loop 
around the Cheviots (see Fig. 18, page 34). The orientation of the bedforms in this area and 
their proximity to neighbouring longitudinal landforms has led to the identification of two 
flow-sets (c.f. Clark, 1999) (Fig. 25, page 40). These flow-sets were differentiated from each 
other by the parallel concordance and close spatial association of the bedforms with adjacent 
bedforms (Clark, 1994,1999). Those drumlins orientated towards the northeast (shown in blue 
in Fig. 18, page 34) indicate ice flowed directly into the North Sea Basin (indicated by blue 
arrows in Fig. 25, page 40). Streamlined bedforms orientated towards the southeast along the 
NNCP (shown in red in Fig. 18, page 34) indicate that ice f lowed around the Cheviots and 
southwards along the NNCP, parallel to the present-day coastline (indicated by red arrows in 
Fig. 25, page 40). 
The elongation ratios of the bedforms provide an insight into the spatial variations in f low 
velocities across and along the bedform track, as with increased ice velocities, it is proposed 
that the length and elongation of bedforms increases (Rose, 1987; Stokes and Clark, 2002a; 
Briner, 2007). It is therefore suggested that ice velocities were highest along the centre of the 
subglacial bedform track; the longest bedforms are identified here (> 1000 m in length), wi th 
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elongation ratios frequently exceeding 1:10, such as around Kelso and Coldstream (see Fig. 16, 
page 32). At the lateral margins of this track, shorter, less elongate bedforms (see Fig. 18) 
suggest velocities were reduced here. Along the NNCP, whilst features are less well defined 
and harder to identify than those in the Tweed Valley, elongation ratios exceeding 1:10 imply 
ice velocities were high. The highly convergent nature of the streamlined bedforms mapped in 
the upper reaches of the Tweed Valley (see Figure 15, page 33) implies convergent, and 
therefore accelerating ice f low (Benn and Evans, 1998), which is in agreement with previous 
researchers (e.g. Clapperton, 1971; Everest et al., 2005). 
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Figure 25: Simplified trend of the two flow-sets identified in the Tweed Valley and northeast 
Northumberland. Blue arrows show flow direction inferred from drumlins orientated towards the 
NE, with the red arrows showing those that are orientated in an arcuate loop around the Cheviot 
Massif (Relief-shaded DTM from NEXTmap'^ Britain, Intermap Technologies). 
It has recently been proposed that extensive fields of streamlined subglacial bedforms are 
evidence of ice streaming (Stokes and Clark, 2002a). Based on a comparison with the expected 
geomorphological criteria for the identification of palaeo-ice streams (Table 2), it is proposed 
that an ice stream flowed along the Tweed Valley and NNCP. The existence of a Tweed Ice 
Stream (TIS) is based on the identification of five of the eight geomorphological criteria 
presented by Stokes and Clark (1999). These include its characteristic shape and dimensions, 
highly convergent f low patterns, highly attenuated bedforms varying in size across and along 
the track and abrupt lateral margins. This, and the glaciodynamic significance of the TIS is 
discussed in detail in section 5.1. 
Table 2: Geomorphologic criteria for the idehtificatior) of paldeo-ice streams with evidence for a Tweed 
Ice Stream (from Stokes arid Clark, 1999; Stokes and Clark, 2001; Clark and Stokes, 2001). 
Contemporary ice 
stream characteristics 
Proposed Geomorphological signature 
Observed features in the: Tweed 
Valley and surrounding oreo 
Characteristic shape 
and dimension 
Characteristic shape and dimensions 
(>20 km wide, 150 km long) of distinct 
f low pattern 
Highly convergent f low patterns 
leading into a trunk 
Drumlin track 35 km wide in 
places 
Convergent f low pattern in upper 
Tweed Valley, trunk visible 
between Cheviot Massif and 
Lammerrhuir Hills 
Rapid velocity 
Highly attenuated features wi th 
elongation ratios >1:10 
Boothia-type erratic dispersal train 
Elongation ratios <1:12 
Not seen 
Distinct velocity field Variation in streamlined bedform sixe 
Features shorter and smaller 
towards the lateral margins, 
larger, longer and more" elongate 
towards the centre of the track 
Deformable bed 
conditions 
Glaciotectohic and geotechriieal 
evidence o f deformed till 
Not seen 
Sharply delineated 
shear margin 
Abrupt lateral margins (<2 km) 
Ice stream shear margin moraines 
Abrupt margins visible, 
particularly well-define between 
the Cheviot , Massif and 
Lammermuir Hills ' 
Spatially focussed 
sediment delivery 
Submarine til l delta or sediment fan 
Ice stream terminus not 
identif ied - inferred to be 
offshore (e.g. Everest et al., 2005) 
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4.2 Assemblage B: Hummocky Terrain 
A t t h e la tera l marg ins o f t h e TIS t rack, t h r e e d is t inc t extensive areas o f h u m m o c k y te r ra in have 
been i den t i f i ed . H u m m o c k s are m a p p e d as black l ines in f igure 10 (page 29) . Land fo rms 
w i t h i n these t h r e e comp lexes inc lude smal l regu lar -shaped m o u n d s , t h r o u g h larger i r regular 
m o u n d s t o e longa te s inuous r idges. Al l are f o u n d in close associat ion spat ia l ly . 
4.2.1 The Wooler Complex 
4.2.1.1 Description 
The f i rs t extens ive area o f h u m m o c k y te r ra in is located sou th o f W o o l e r in t h e l owe r g round 
b e t w e e n t h e Chev io t massif t o t h e east and t h e Fell Sandstone scarp t o t h e wes t . The system 
can be t raced f o r 9 k m as fa r sou th as t h e River Breamish , j us t n o r t h o f Ingram and P o w b u r n 
(Fig. 42 ) . The W o o l e r Complex (Fig. 27 , page 43) consists o f near-c i rcu lar m o u n d s 5-15 m high; 
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figure 26: NEXTmap DEM of Hummocl<y terrain south of Wooler and locations mentioned in description. 
(DTM NEXTmap* Britain, Intermap Technologies, 2008). 
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Figure 27; T/ie Woo/er Hummocky Terrain Complex. Star shows location of Figure 33, page 50. Inset box 
shows location ofRoddam Bog-site of sedimentary survey. 
s inuous r idges 100 t o 700 m long and i r regu lar larger m o u n d s , o f t e n w i t h a r idge ex tend ing 
f r o m a high po in t . These larger m o u n d s are up t o 30 m in he ight . Gent ly -s lop ing f l a t - t opped 
m o u n d s o f va ry ing size are also f o u n d , 10-12 m in he ight . In m a n y instances, smal l depressions 
occur b e t w e e n these h u m m o c k s and r idges. Several o f these depress ions are occup ied by 
ponds o r marshy g r o u n d , such as at Rbddam and Li lburh Pond. There appears t o be l i t t le 
a r r a n g e m e n t o r pa t t e rn t o t h e d i s t r i bu t i on o f t h e m o u n d s , a l t hough t h e s inuous ridges do 
exh ib i t s o m e degree o f a l i g n m e n t loeal ly; 1.5 km sou th o f W o o l e r a ser ies o f s inuous r idges 
t r e n d app rox ima te l y N-S, as do those a r o u n d L i lburn Pond. These r idges, the crests o f wh i ch 
f r e q u e n t l y uhdu la te , show l i t t le a l i g n m e n t w i t h t h e t o p o g r a p h y . A s i te 1 k m sou thwes t o f 
Roddanri at Roddam Bog prov ides an ins ight in to t h e in te rna l s t ra t i g raphy and sed imen to logy 
o f these m o u n d s . At th is s i te , t h r e e gen t l y -s lop ing b road r idges enclose t w o small ponds ( inset 
box in Fig. 27 , page 43) . The n o r t h e r n m o s t r idge has been excavated and f o rms a 55 m long, 
3.5 m h igh sou theas t fac ing exposure (Fig. 28 , page 45 and Fig. 29 , page 46 ) . From wes t to east 
across sec t ion , t h e f i rs t 3 1 m are charac ter ised by i n t e r b e d d e d coarse sands and gravels, w i t h 
sharp e ros iona l contac ts . A t t h e base o f t h e exposure , b e i g e / b r o w n l a m i n a t e d , hor i zon ta l l y -
bedded and massive sands are i den t i f i ed (SI, Sh, Sm). These beds are t r ough -shaped and are 
over la in by a la tera l ly ex tens ive bed o f poo r l y - so r t ed , m a t r i x - s u p p o r t e d be ige /g rey gravel 
(Gms), i den t i f i ab le a long th is en t i r e s t re tch o f t h e exposure . In places, th is bed is over la in by 
pockets o f coarse brow/.n sand w i t h outs ize w e l l - r o u n d e d pebb les (Sm). A t 3 1 m a long t h e 
exposure , Log 1 was d r a w n (Fig. 30 , page 47 ) . 
The l owes t bed (Bed 1) is 4 0 c m th ick and consists of poo r l y - so r ted , s teep ly -d ipp ing p lanar 
c ross -bedded coarse sands (Sc) i n t e r b e d d e d by l a m i n a t e d , poo r l y - so r ted coarse sands (SI). 
Bed 2 is 10 cm th ick and is f o r m e d o f up- f in ing gravels (Gfu) . Bed 3 (10 c m th ick) is f o r m e d o f 
massive granu les w i t h iso la ted outs ize clasts (GRmc). This is over la in by Bed 4 , wh ich is 
compr i sed o f 12 cm o f up- f in ing gravels (Gfu) . Bed 5 is c o m p o s e d o f up - f i n ing gravels (Gfu) in a 
coarse y e l l o w / g r e y s i l ty-sand mat r i x . M e a s u r e m e n t s o f 50 clasts f r o m here (Fig. 30b , page 47) 
ind icate clasts are p r e d o m i n a n t l y b lade shaped and a round 35 % o f t h e t o t a l sample are sub-
angular (SA). Clasts w e r e no t separa ted on the basis o f t he i r l i tho log ies . The Qo va lue , w h i c h 
measures t h e percentage o f clasts in a sample t h a t exh ib i t c:a axis m e a s u r e m e n t s 
and Benn , 1998) , is 44 .4 . The u p p e r m o s t bed (Bed 6) is t h e m a t r i x - s u p p o r t e d be ige /g rey grave l 
bed (Gms) , v is ible fo r a r o u n d 30 m a long t h e exposure . Labora tory part ic le-size analysis 
(Append ix E) reveals the ma t r i x is c o m p o s e d o f poor l y so r ted m e d i u m si l ty coarse sand w i t h a 
high p r o p o r t i o n o f f ines ( f ihe skewed) . The con tac ts b e t w e e n all 6 beds are sharp (eros ional ) . 
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F/gure 28: Scaled sketch of the Roddam Bog Exposure. For key to lithofacies codes see Appendix A. 
Figure 29: The Roddam Bog Exposure. TOP: Central section of Roddam Exposure, site 
of log 2 (Fig.31, page 48). BOTTOM: East end of section, site of log 3 (Fig. 32, page 48. 
Note fining towards the east. 
Log 2 (Fig. 3 1 , page 48) is f o r m e d o f 45 cm o f s teep ly d ipp ing , h ighly c o m p a c t e d massive and 
r ipp le c ross- lamina ted beds (Beds 1-6) o f m e d i u m t o f ine sand (Sm, Sr(B)), over la in by a 75 
cm- th ick t r ough -shaped bed o f m a t r i x - s u p p o r t e d gravels. Mo rpho log i ca l analysis o f 50 clasts 
f r o m th is bed (Bed 7) ind icates t h a t clasts are p r e d o m i n a n t l y e longa te , compac t b lade- shaped 
o r b lade-shaped and are ma in ly sub - rounded and sub-angu lar (Fig. 31b , page 48) . Clasts were 
n o t separa ted on t h e basis o f t he i r l i tho log ies . The C40 va lue is 42 . Log 3 (Fig. 32 , page 48) , 
was reco rded f r o m t h e eastern end o f t he exposure w h e r e t h e sed imen t in f inest (see Fig. 29 , 
b o t t o m p h o t o ) . The l ower bed . Bed 1 , is compr i sed o f 15 cm o f r ipp le c ross- laminated sands 
(Sr(B)). Pa laeocur ren t readings f r o m these r ipp les ind icate f l o w was p r e d o m i n a n t l y f r o m the 
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n o r t h w e s t . Above th is bed is a 45 cm- th ick , h igh ly -conso l ida ted bed o f up-coarsening sand and 
massive f ines (Fm/Suc) . Stat ist ical ly , t h e p r o p o r t i o n o f m u d and sand in t h e l owe r sec t ion o f 
th is bed is 85 .1 % and 14.9 % respect ive ly . In t h e upper coarser sec t ion , p r o p o r t i o n s o f m u d 
d r o p t o 2 1 . 1 % and sand rises t o 78.9%. Bed 3 (160 cm th ick) is compr i sed o f a l t e rna t ing layers 
o f massive, mode ra te l y - so r t ed coarse s i l ty -sand, i n te rd ig i t a ted w i t h r ipp le c ross- laminated f ine 
sands. Ove r 9 9 % o f t h e t o t a l w e i g h t o f t h e samples t a k e n f r o m th i s bed w e r e sieved b e l o w 2 
m m in d i ame te r . Above th is bed is a 20 cm- th i ck bed o f mode ra te l y - so r t ed m e d i u m sands, 
exh ib i t i ng t r o u g h cross-bedd ing and hor izon ta l bedd ing . The u p p e r m o s t bed . Bed 5, is 
compr i sed o f c ross-bedded granu les in a m o d e r a t e l y - s o r t e d , coarse sandy ma t r i x (Gr t /St ) . Clast 
l i tho log ica l analysis on a sample o f 2 0 clasts f r o m th is bed reveal po rphy r i t i c andesi tes, g ran i te , 
ca rbon i fe rous cher t and quar tz i te sands tone . 
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Figure 30: (a) Roddam Bog Log 1. Location of log shown in figure 28, page 45. For lithofacies code 
see Appendix A. Numbers l^ighlighted in grey denote bed number For descriptions of beds see text (b) 
Clast roundness and shape data from Log 1, Bed 6. 
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Figure 32: Roddam Bog Log 3. 
Location of log shown in figure 28, 
page 45. For lithofacies code see 
Appendix A. Numbers highlighted in 
grey denote bed number 
Top photo: Upper two beds of Log 3. 
Note well-defined ripple features. 
Compass clinometer for scale 
(approx. 15 cm long). 
Bottom photo: up-coarsening fine 
sands and silty-sand bed 
(highlighted with black dashed 
lines). Compass-clinometer for scale 
(approx. 15 cm long). 
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4.2.1.2 interpretation 
The close spat ia l associat ion ar id m o r p h o l o g y o f t h e s inuous r idges, h u m m o c k s , f l a t - t o p p e d 
m o u n d s and smal l depress ions sou th o f W o o l e r has led t o t h e i n t e r p r e t a t i o n t h a t t hese sand 
and gravel fea tu res are par t o f t h e same l a n d f o r m assemblage. Sinuous r idges are i n t e r p r e t e d 
as eskers. This i n t e r p r e t a t i o n i s .based o n the i r s inuous long-pro f i les and appa ren t lack o f 
a l i gnmen t w i t h t h e under l y ing t o p o g r a p h y , w h i c h is ind icat ive o f depos i t i on w i t h i n pressur ised 
condu i t s (Benne t t and Glasser, 1996) . Those eskers show ing l i t t le a l i gnmen t to t h e under l y ing 
t o p o g r a p h y (e.g. sou th o f W o o l e r ) m a y be t h e resul t o f t h e supe r impos i t i on o f englacial 
condu i t s , o r may ref lect depos i t i on in subglacial t unne ls (War ren and Ashley, 1994; M a r t i n i et 
al., 2001) . It is p roposed t h a t these eskers f o r m e d w i t h i n act ive ice, as esker f o r m a t i o n is 
i n fe r red t o be l im i ted in areas o f s tagna t ing , s l o w - f l o w i n g ice (Punkar i , 1997) . F u r t h e r m o r e , in 
o r d e r t o ma in ta i n t h e cryosta t ic pressure requ i red t o keep the condu i t s o p e n , act ive ly f l o w i n g 
ice ( i .e. no t s tagnat ing) w o u l d have been requ i red (War ren and Ashley, 1997) . Shor te r , c losely-
spaced r idges t h a t are o r i e n t a t e d at ob l i que angles t o t h e ma in N-S t r e n d o f t h e eskers, such as 
those sou th o f W o o l e r and east o f R o d d a m , may represent b i f u r ca ted eskers (e.f. Evans and 
Tw igg , 2002) t h a t have been incised by post-glacia l s t reams. The in fe r red sed imen to logy o f 
these s inuous r idges suppor t s t h e morpho log i ca l i n t e r p r e t a t i o n t h a t t hey are eskers; 
C lapper ton (1971b) iden t i f i ed s inuous r idges composed o f w e l l - s o r t e d , s t ra t i f i ed , sands and 
gravels w i t h i n t h e W o o l e r Conip lex and associated t h e m w i t h subglacial depos i t i on , o r 
englacial channe l supe r impos i t i on (see sec t ion 2.2.1). The u n d i s t u r b e d na tu re o f t h e bedd ing 
imp l ies in situ depos i t i on and as such, ear l ie r i n te rp re ta t i ons o f these fea tu res as t h e p roduc t 
o f m e l t - o u t and ice s tagna t ion (c. f. Car ru thers et al., 1930, 1932) are re jec ted . I r regular 
mOurids and smal l , near-c i rcu lar m o u n d s t h r o u g h o u t the W o o l e r Complex are t en ta t i ve l y 
i n t e rp re ted as supraglacia l kames and h u m m o c k y mora ine . The overa l l appearance o f these 
landfor-ri is is re la t ive ly Ghaotic; t h e r e appears t o be no accordance w i t h t h e under l y ing 
t o p o g r a p h y . Kames and h u m m o c k y te r ra in have been d i f f e r e n t i a t e d on the basis o f t he i r 
m o r p h o l o g y ; kannes exh ib i t s m o o t h e r sides and are mo re gen t l y s lop ing than h u m m o c k y 
mora ine (Benn and Evans, 1998) . This i n t e r p r e t a t i o n is s o m e w h a t t en ta t i ve , as the m o u n d s are 
l ikely t o have been a f fec ted by s lump ing and post-glacia l r e w o r k i n g . The lack o f sed imen ta ry 
exposures has also h inde red t he i r i n t e r p r e t a t i o n . However , t h r o u g h a compar i son w i t h 
morpho log ica l l y s imi lar fea tu res e l sewhere , t he i r m o d e o f f o r m a t i o n can be specu la ted u p o n . 
F la t - topped m o u n d s m a p p e d in close associat ion w i t h the kames and eskers are i n t e rp re ted as 
ice-contact fans and ice-prox imal o u t w a s h depos i ts . Regarding t h e in te rna l s t ruc tu re o f these , 
t h e sed imento log ica l survey conduc ted at Roddam (see Figs. 30 -32 , pages 47-48) has revea led 
m u c h on t h e e n v i r o n m e n t o f depos i t i on . The ver t ica l and hor i zon ta l var ia t ions in t h e 
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sed imen ta r y character is t ics o f th is exposure suggest a spat ia l ly and t e m p o r a l l y changing f l o w 
reg ime . The abundance o f subangu la r clasts suggests t h a t t h e s t reams responsib le f o r 
depos i t i on w e r e no t par t i cu lar ly fa r t rave l l ed , wh i l s t t h e e longa te , b lade-shape o f t h e clasts 
suggests t hey may have been sourced subglacial ly (Evans and Benn , 2004) . The var ia t ions in 
gra in size across t h e exposure re f lec t changes in s e d i m e n t supp ly a n d / o r chang ing f l o w 
cond i t i ons . From wes t t o east , t h e overa l l t r e n d is t ha t o f sed imen t f in ing , w h i c h indicates t h a t 
e i t he r v o l u m e o f coarse sed imen t avai lable f o r t r a n s p o r t a t i o n and depos i t i on was reduced , o r 
t h a t f l o w ve loc i t ies w e r e decreas ing (Reading, 1996; Russell and M a r r e n , 1999) . C l imb ing 
r ipp les ( i .e. r ipp le c ross- lamina t ion) w i t h drapes w i t h i n beds 1 and 3 o f Log 3 (Fig. 32 , page 48) 
are ind icat ive o f b o t t o m cur ren ts sw i t ch ing on and o f f w i t h f a l l ou t o f suspended sed imen t 
f o l l o w i n g r ipp le f o r m a t i o n (Ashley et al, 1981) . The ho r i zon ta l l y -bedded and l am ina ted sands 
t o w a r d s t h e east o f t h e exposure are ind icat ive o f l o w energy depos i t i on in re la t ive ly ca lm 
w a t e r , possibly p o n d e d in cu t - o f f channels o r f l ooded depress ions. It is t h e r e f o r e suggested 
t h a t t hese changes in par t ic le size re f lec t a sh i f t f r o m a p rox ima l t o i n t e r m e d i a t e e n v i r o n m e n t 
o f depos i t i on (Evans and Benn , 2004) . The i n t e rbedded sand and grave l t r o u g h s and p rog raded 
channe l f i l ls are t h e r e f o r e i n t e r p r e t e d t o represent a proglacia l b ra ided s t r e a m e n v i r o n m e n t . 
Pa laeocur ren t da ta suggest these s t reams w e r e f l o w i n g f r o m t h e n o r t h - w e s t , i.e. f r o m t h e 
Chev io t massif. 
Figure 33: Hummocky terrain south of Wooler. Note gently-undulating hummocks. Location shown by 
red star in figure 27, page 43. View is towards the southeast. 
Depress ions b e t w e e n t h e eskers, kames and fans are i n t e r p r e t e d t o be ke t t l e holes, w h i c h are 
f o r m e d by t h e gradua l m e l t - o u t o f ice bur ied by g lac io f luv ia l sed imen t . Kett le holes are 
f r e q u e n t l y observed on c o n t e m p o r a r y o u t w a s h plains, such as a t B re i f l amerku r joku l l o f t e n in 
close associat ion w i t h o t h e r g lac io f luv ia l l and fo rms (c.f. Evans and Twigg, 2002 ; Everest and 
Bradwe l l , 2003) . The f o r m o f ke t t l ed surfaces depends grea t ly o n t h e th ickness o f sed imen t 
cover , t h e o rgan isa t ion o f t h e proglacia l dra inage sys tem and t h e rate a t wh ich bur ied ice 
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mel ts (Benne t t and Glasser, 1996 ; Evans and Tw igg , 2002) . It is t h e r e f o r e suggested t h a t t h e 
occur rence o f ke t t l e holes w i t h i n t h e W o o l e r Comp lex imp l ies t h a t s tagna t ing ice was present 
t h r o u g h o u t t h e comp lex and t h a t proglac ia l d ra inage was l im i ted or t h a t m e l t w a t e r channels 
sh i f ted t h e i r courses pr io r t o ice s tagna t ion . W h e r e th is h a p p e n e d , t h e m e l t - o u t o f bur ied ice 
has resu l ted in invers ion o f t h e re l ie f (c.f. Bit inas e f al, 2004 ) . Postglacial ly, these have been 
w a t e r - f i l l e d , such as a t R o d d a m Bog and L i lburn Pond (see Figs. 2 1 & 2 2 , pages 3 8 & 39 ) . I t is 
suggested here tha t t h e W o o l e r Glac iof luv ia l Comp lex f o r m e d dur ing deg lac ia t ion w h e n t h e ice 
was unde rgo ing act ive re t rea t . T h e large spat ia l coverage o f g lac io f luv ia l sed imen ts and 
l and fo rms (eskers, b ra ided channe l systems, huhnmoeky mora ines , fans and kames) ind icate 
t h a t vast vo l umes o f w a t e r w e r e present , a c o n d i t i o n k n o w n t o exist d u r i n g deg lac ia t ion . 
Dur ing t h e f ina l stages o f deg lac ia t i bn , reduced m e l t w a t e r f l o w and s tagna t ing ice led t o t h e 
f o r m a t i o n o f ke t t le holes. The associat ion o f t h e W o o l e r Complex w i t h deg lac ia t ion is in 
a g r e e m e n t w i t h C lapper tbn , 1971b , w h o p roposed t h a t t h e g lac iof luv ia l p h e n o m e n a in t h e 
area a r o u n d W o o l e r w e r e depos i t ed du r i ng t h e f i rs t phase o f deg lac ia t ion . This was f o l l o w e d 
by separa t ion o f t he ice masses and t h e f o r m a t i o n of glacial lakes and sand and grave l de l ta 
depos i t i on (C lapper ton , 1971b) . The b roader imp l i ca t ions o f th is comp lex are cons idered in the 
next chap te r (sect ion 5.3). 
4.2.2 The Corhhill-ori-Tweed Cornplex 
4.2.2.1 Description 
The second extens ive region o f h u m m p c k y te r ra in is loca ted t o t h e sou th o f Cornh i l l o n T w e e d 
at t h e sou the rn marg in o f t h e T w e e d d r u m l i h f i e ld . The comp lex s t re tches f r o m Pressen Hill t o 
Etal, 10 k m t o t h e no r theas t (Fig. 3 4 , page 52) . The t o p o g r a p h y is charac te r i sed by s m o o t h l y 
undu la t i ng m o u n d s (Fig. 35, page 52) . Simi lar fea tu res t o those iden t i f i ed in t h e W o o l e r 
Complex are f o u n d here , i.e. s inuous r idges, i r regu lar m o u n d s , near-c i rcu lar m o u n d s , p la teau-
t o p p e d m o u n d s (Fig. 3 6 , page 53) . The fea tu res sou th o f Corhh i l l are, h o w e v e r , less chaot ica l ly 
spread t h a n a r o u n d W o o l e r . S inuous r idges are f o u n d ma in l y t o w a r d s t h e cen t re o f t h e 
comp lex , b e t w e e n Cornhi l l and East Lea rmou th , and range in length f r o m 125 t o 500 m. The 
long axes o f these fea tu res are o r i e n t a t e d p r e d o m i n a n t l y E-W and NE-SW. To t h e east, 
b e t w e e n East Lea rmou th and W a r k , and t o t h e wes t betvyeen East L e a r m o u t h and Branx ton 
are g roups o f i r regu lar m o u n d s (15 t o 24 m high) and smal l near-c i rcu lar m o u n d s (5-15 m 
h igh) . To t h e w e s t o f East M o n e y l a w s are t w o e longa te , gen t l y -s lop ing p l a t e a u - t o p p e d m o u n d s 
runn ing a long t h e l o w e r f lanks o f M o n e y l a w s Hi l l . A r o u n d C r o o k h a m , s imi lar p l a teau - t opped 
m o u n d s are f o u n d . The largest o f these is 25 m h igh , ove r 1 km long and 1 k m w i d e . As in t h e 
W o p l e r comp lex , smal l depress ions and ponds are f o u n d b e t w e e n t h e h u m m o c k s . It has been 
possible t o i t i fer t h e in te rna l c o m p o s i t i o n o f t h e Cornhi l l f ea tu res \r\ t h e n ia in comp lex by 
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over lay ing t h e l a n d f o r m m a p o n t o t h e BGS surf ic ial geo logy maps (Geological M a p Data © 
NERC 2008) (Fig. 37 , page 54) . The vast ma jo r i t y o f f ea tu res are c o m p o s e d o f g lac iof luv ia l 
sands and gravels, wh i l s t some, par t icu lar ly t hose t o t h e sou thwes t a r o u n d Pressen Hill are 
c o m p o s e d o f Ti l l . B e t w e e n t h e m a p p e d fea tu res are spreads o f g lac iof luv ia l sand and grave l , 
w h i c h can be t raced t o t h e sou theas t in to t h e Glenn Val ley, south o f M o n e y l a w s Hil l . This 
ma te r ia l runs in d i scon t inuous r idges and m o u n d s a long th is val ley. 
Cornhill on Tw 
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Figure 34: NEXTmap DEM of the Cornhill Hummocky Terrain Complex. Red inset box shows site of 
sedimentological survey in the Glenn Valley. 
Figure 35: Undulating topography of the Cornhill complex. View is south from NT 864 382 (marked by 
red star in Fig. 28 and 30). 
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Figure 37: Surficial Geology of the Cornhill Hummocky Terrain Complex. (Geological Map Data © NERC 
2008) 
In a NE-SW t r e n d i n g val ley t h a t jo ins t h e Glenn Val ley at Ki lham (NT 885 325) , f o u r logs w e r e 
recorded at a 5 m high sou thwes t - fac ing exposure (Fig. 38 , page 55). The resul ts f r o m th is 
sed imen to log ica l inves t iga t ion reveal sub-para l le l beds o f inversely and no rma l l y g raded 
gravels, imb r i ca ted gravels and hor i zon ta l l y and t r o u g h c ross-bedded granu les and sands, 
d ipp ing t o w a r d s t h e sou theas t a t an angle o f a round 1 5 - 2 0 ° . Log 1 (Fig. 39 , page 55) , at t h e 
n o r t h e r n end o f t h e exposure exh ib i ts overa l l up - f i n ing . The l o w e r bed o f Log 1 is 160 cm th ick 
and is compr i sed o f m a t r i x - s u p p o r t e d massive and imbr i ca ted gravels and ho r i zon ta l l y -bedded 
gravels. Clast shape analysis s h o w sub-angu lar and s u b - r o u n d e d clasts d o m i n a t e th is bed . 
Clasts are imbr i ca ted on t he i r a-axes by an average o f 5°, o r i e n t a t e d N-S. Over ly ing th is are 4 0 
c m o f i n t e r b e d d e d massive sand and ma t r i x s u p p o r t e d gravel (Beds 2-6) , 10 c m o f highly 
c o m p a c t e d massive granu les w i t h large (>15 cm d i ame te r ) outs ize clasts (Bed 7) , 4 0 cm o f 
a l t e rna t i ng ho r i zon ta l l y -bedded sand and granu les (Bed 8) , 10 c m o f massive sand (Bed 9 ) , 20 
c m o f up- f in ing gravels (Bed 10) and 10 cm o f ho r i zon ta l l y -bedded highly c o m p a c t e d sand (Bed 
11). 
The beds o f log 2 (Fig. 39 , page 55) are t i l t ed by a round 15° t o w a r d s the sou theas t . The lowest 
bed is compr i sed o f 20 cm o f massive clast s u p p o r t e d granules and is la tera l ly con t i nuous w i t h 
Bed 7 o f log 1 . Over ly ing Bed 1 is 15 cm o f ho r i zon ta l l y -bedded sand (Bed 2), 15 cm of up-
coarsen ing i n t e r b e d d e d sand and gravels (Bed 3) , 11 cm o f ho r i zon ta l l y -bedded sand w i t h 
pockets o f outs ize granu les (Bed 4 ) , 45 cm o f up- f in ing gravels and granules (Beds 5-7) and 15 
c m o f ho r i zon ta l l y -bedded sand (Bed 8) . This uppe r bed , un l ike the beds benea th it , is n o t 
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inc l ined and shows a sharp eros iona l con tac t b e t w e e n it and bed 7. Log 3 (Fig. 39) is 
a p p r o x i m a t e l y 2 m t o t h e sou th o f Log. The l owe r 8 beds are no th i cker t h a n 7 cm and are 
compr i sed of , f r o m t h e base up , ho r i zon ta l l y -bedded sand , massive granu les , hor izonta l l y -
b e d d e d sand, massive sand, up- f in ing granu les , massive sand, up-coarsen ing granules and 
ho r i zon ta l l y -bedded sand. 
Figure 38: Sedimentary logging site in the Glenn Valley. Log sites are shown with white lines. 
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Figure 39: Sedimentary logs from exposure in the Glenn Valley near Kilham. Location of logs in relation 
to each other shown in Fig. 38. Rose diagrams show clast orientation. 
Over ly ing these l owe r beds is 10 c m o f m a t r i x - s u p p o r t e d gravels (Bed 9) and hor izonta l ly -
bedded and t r o u g h c ross-bedded granu les (Beds 10 and 11). Clasts w i t h i n these beds d ip by 
an average o f 14° NW-SE and are p r e d o m i n a n t l y sub-angular . The uppe r t w o beds are 
compr i sed o f 17 cm o f ho r i zon ta l l y -bedded sand (Bed 12) and gravels in a coarse sandy mat r i x 
(Bed 13) . Log 4 (Fig. 39) a t t h e s o u t h e r n end o f t h e exposure is t h e h ighest log recorded and , 
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ui i l ike t h e o t h e r t h r e e logs, t h e beds o f i t do no t d ip and are ins tead p lane b e d d e d . T h e l owe r 
bed is compr i sed o f 35 c m o f m a t r i x - s u p p o r t e d gravels, over la in by 50 cm o f massive and 
ho r i zon ta l l y -bedded sand , t r o u g h c ross-bedded sand and massive sand (Beds 2, 3, 4 and 5 
respeGtively). These are over la in by 4 beds o f m a t r i x - s u p p o r t e d gravels , d isplaying an overa l l 
up-coarsen ing (beds 6-9) . The nhatrix o f these upper f o u r beds is m e d i u m t o coarse sand 
(Append ix E)-
4.2 .2 .2 Interpretation 
In t e r m s o f m o r p h o l o g y , t h e l a n d f o r m s o f t h e Cornhi l l Comp lex are very s imi lar t o those 
iden t i f i ed at W o o l e r (see sec t ion 4 .2 .1) . Based on t h e i r c o m p a r a b l e morpho log ies , i t is 
i n t e r p r e t e d t h a t th is comp lex f o r m e d in m u c h t h e same w a y . Sinuous r idges are, l ike at 
W o o l e r , i n t e rp re ted as eskers. To t h e s o u t h w e s t o f t he Ciarnhill Complex , these are o r i en ta ted 
para l le l t o f l o w o f t h e TIS, as is i n fe r red f r o m the i r re la t ionsh ip w i t h t h e ad jacent NE-or ien ta ted 
s t ream l i ned b e d f o r m s . These eskers are suggested t o be t h e r e m n a n t s o f supe r imposed 
englacial condu i t s , as t hey are f o u n d d r a p e d ove r the d r u m l i n s m a p p e d in th is al'ea. Sinuous 
r idges iden t i f i ed jus t sou th o f Cornh i l l -on -Tweed are also i n t e r p r e t e d as eskers. However , t he i r 
sho r t e r lengths, b i fu rca t ing na tu re and near-para l le l o r i e n t a t i o n to" ad jacent eskers suggest 
t h a t t h e condu i t s in w h i c h t hey w e r e depos i t ed sh i f ted ove r t i m e (c.f. Shreve, 1985) o r t h a t 
depos i t i on was no t con t i nuous (B rennand , 1994) . Wa te r - f i l l ed depress ions m a p p e d b e t w e e n 
the eskers are i n t e r p r e t e d as ke t t l e ho les, w h i c h ind icate s tagnat ing ice was present w i t h i n th is 
comp lex (c.f. Evans and Twigg , 2002 ; Everest and Bradwe l l , 2003) . I r regular and near-c i rcu lar 
shaped m o u n d s m a p p e d w e s t o f East L e a r m o u t h and w e s t o f Branx ton are i n t e rp re ted as 
supraglacial kames. Th is in terp t -e ta t ion is based on the i r m o r p h o j o g y and in fe r red 
sed imen to logy ; these m o u n d s exh ib i t h ighly d i s tu rbed bedd ing (Car ru thers et al., 1932) w h i c h , 
is a d iagnost ic ct-itei-ia o f supraglacial kames as bedd ing s t ruc tu res are d i s tu rbed by t h e me l t -
o u t o f t h e su r round ing suppo r t i ng ice. 
F la t - topped m o u n d s on t h e lowes t f lanks o f M o n e y l a w s in t h e Cornh i l l -on -Tweed Complex are 
i n t e r p r e t e d as iee-contact kame te r races . This i n t e r p r e t a t i o n is based pr imar i l y o f t he 
m o r p h o l o g y and loca t ion o f these m o u n d s . Kame te r races f o r m t h r o u g h g lac iof luv ia l 
depos i t i on in ice-marg ina l lakes (Bi t inas et al., 2004) . The ter races at Cornhi l l are t h e r e f o r e 
i n fe r red to have f o r m e d b e t w e e n t h e TIS and M o n e y l a w s Hill as t h e TIS re t rea ted (Fig. 4 0 , page 
57) . Thei r poor ly de f i ned f o r m suggests t h e ice marg in was re la t ive ly sha l low, resul t ing, in a 
large area o f ice be ing covered g lac io f luv ia l and g lac io lacust r ine sed imen ts (Benne t t and 
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Glasser, 1996). Their undulating surfaces are attributed either with the stagnation of this ice 
f rom beneath the supraglacial deposits or f rom post-depositional disturbance. 
deposition in siiallow 
!terrac 
aws 
: ^ — 
Figure 40: Cartoon of inferred formation ofkame terraces oftlie Cornhill Complex. 
The sedimentological survey conducted at Kilham (see Fig. 39, page 55) reveals the palaeo-
environmental conditions of the Glenn Valley during deglaciation. It is proposed that this plug 
of glaciofluvial sediment is an ice-contact delta. This interpretation is based a comparison with 
the sedimentary characteristics of ice-contact deltas identified elsewhere (c.f. McCabe and 
Eyies, 1988; L0nne, 1993, 1995) and also on the interbedded, large-scale clinoforms of sub-
parallel sands and gravel dipping towards the southeast, which represent foreset bedding and 
are indicative of a prograding depositional system (L0nne, 1995). The coarse lower bed of Log 
1 is interpreted as re-sedimented glacial t i l l , which is proposed on the basis of the high 
proportion of sub-angular and sub-rounded bullet-shaped clasts within this bed. Diamict facies 
in a Northern Irish ice-contact glaciomarine delta are attr ibuted with subaqueous debris flows 
(McCabe and EyIes, 1988). It is suggested that this lower bed may have been deposited by a 
debris f low, as clasts are orientated wi th their a-axes parallel f low, wi th the a-axis imbricated 
upstream, a characteristic of mass flows (Evans and Benn, 2004). The presence of debris f low 
material reflects the proximity of Log 1 to the glacier margin (c.f. Nemec et al., 1999). The 
lower 7 beds of Log 2 and all of the beds of log 3 are interpreted as foresets, constructed f rom 
reworked glaciofluvial outwash as glacial streams discharged into the proglacial lake. The 
upper bed of Log 2 and all the beds of Log 4, which are horizontally-bedded, represent the 
stream-deposited topset (L0nne, 1995). Palaeocurrent data f rom the bottomset and foresets 
imply that flow from the ice margin shifted from N-S to NE-SW, possibly reflecting a 
reorganisation of the ice margin during retreat. Given the palaeocurrent data, it is speculated 
that this delta formed in a lake at the TIS margin that f lowed over Moneylaws Hill. The lake is 
hypothesised to have been dammed by an ice lobe that blocked the Glenn Valley (c.f. Lunn, 
1995). 
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4.2.3 The Bradford Complex 
4.2.3.1 Description 
The third area of hummocky terrain is located in a narrow band southwest of Bamburgh on the 
North Northumberland Coastal Plain. This complex has been mapped for over 10 km from 
Spindlestone to Rock Moor House (Fig. 41). No sites were located for sedimentary analysis and 
therefore internal composition is inferred from BGS surficial geology maps (Geological Map 
Data © NERC 2008). Features identified here are primarily ridges (Fig. 42, page 59), varying in 
height, sinuosity, width and length (Fig. 43, page 60). The majority of these ridges are 
orientated N-S, apart f rom that directly south of Spindlestone, south of Newham and west of 
Doxford Farm. To the east of Spindlestone and Bradford, a near-continuous, slightly sinuous 
narrow ridge, approximately 10 m high, extends N-S for 1.4 km. Small gaps no longer than 100 
m punctuate this ridge. 
- Jm u 
Beadnell 
Figure 41: NEXTmap DEM of tlie Bradford Hummocl<y Terrain Complex sliowing 
locations mentioned in text. Hummocks highligtited in yellow. 
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Figure 42: Sinuous ridge and pond in small depression. View east towards Spindlestone. Location of 
photograph shown by red star in figure 43, page 60. 
This ridge is found in close association with small water-fil led depressions. At the 
southernmost point of this ridge at Hoppen Hill, an irregular, fan-shaped, sloping flat-topped 
mound, measuring over 1 km in length and 500 m wide spreads towards the south. Between 
Hoppen Hill and Newham, ridges are wider (250 m) and higher (up to 20 m) than the near-
continuous ridge to the north. These slightly sinuous ridges have uneven lateral slopes and are 
inferred to be composed of both til l and glaciofluvial deposits (Geological Map Data © NERC 
2008). Interspersed among the elongate ridges are a small number of closely-spaced irregular 
mounds and plateau-topped mounds. Between the hummocks and ridges are spreads of sands 
and gravels, up to a kilometre in width between Bradford and Chathill. South of Chathill this 
widens to around 1.5 km. The sand and gravel spreads can be traced as far south as AInmouth, 
where they cover an area of approximately 13.5km^ Features at the southern end of the 
complex are generally smaller, less well defined and more widely spaced. The largest feature 
here is a ridge 20 m high, 250 m wide and 550 m long found just east of Preston. Four small 
parallel ridges, <250 m long and 10 m high are located between Chathill and Preston, all 
aligned N-S. 
4.2.3.2 Interpretation 
Morphologically, the sinuous ridges, irregular hummocks and flat-topped mounds of sand and 
gravel are similar to those mapped in the Cornhill and Wooler complexes. However, in terms of 
the overall organisation of the landforms, the Bradford Complex differs, in that the landforms 
are distributed in a elongate corridor along the NNCP (see 43, page 60). From the orientation 
of the adjacent elongate bedforms (see Fig. 14, page 32), it is proposed that the Bradford 
Complex is orientated sub-parallel to f low of the TIS. Elongate ridges of glaciofluvial sands and 
gravels aligned sub-parallel to ice f low are classified as eskers (Warren and Ashley, 1994). The 
orientation of these parallel to ice f low indicates that the configuration of the internal drainage 
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Figure 43: The Bradford Hummocky Terrain Complex. Red star shows location of figure 42, page 59. 
Yellow triangle shows location of figure 44, page 61 and figure 45, page 61. 
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system was driven by the ice surface slope. The interpretation of these features as eskers is in 
agreement with previous interpretations of this complex (c.f. Parsons, 1966 cited in Huddart, 
2002b; Huddart, 2002b). It is proposed here that the northernmost esker was formed in a 
subglacial conduit, which is evident f rom its narrow, well-defined, smooth-sided appearance 
(Fig. 45). 
The morphology of the subglacial 
conduit-fil l eskers and abundance of 
glaciofluvial deposits reveal the nature 
of the drainage network that operated 
here. Gaps between the northernmost 
esker ridge are evidence of either 
discontinuous deposition within the 
subglacial tunnel, a constriction in the 
subglacial tunnel or post-depositional Figure 44: Esker ridges of the Bradford Complex, just to 
erosion by streams (Brennand, 1994). the southwest of Bradford. Location shown in figure 43, 
oaae 60. 
An alternative explanation is offered by comparison with 'beaded' eskers in central Ireland 
(Warren and Ashley, 1994) and Quebec (Banerjee and McDonald, 1975). These discontinuous, 
segmented eskers are interpreted to have been deposited in the distal regions of a conduit 
that was discharging into a standing body of water at the glacial terminus (Warren and Ashley, 
1994). 
Figure 45: Smooth-sided esker at the northern end of the Bradford Complex. View is towards the north. 
Location shown by yellow triangle in Fig. 43, page 60. Photo: KEHS 
As the conduit drained into the lake, the reduction in velocity triggered sedimentation (Ashley 
and Warren, 1997, Delaney, 2001). It is therefore proposed that the northernmost esker in the 
Bradford Complex was formed in a subglacial conduit that fed into a proglacial lake. The gaps 
between the ridges record the steady retreat of the TIS and the North Sea Lobe (c.f. Warren 
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and Ashley, 1994). Further evidence to support the presence of a proglacial lake at the 
terminus o f these two ice masses is the fan-shaped mound at Hoppen Hill. Frpm its close 
spatial association with the subglacial esker to the north, this feature is interpreted as a 
subaqueous fan delta, formed as the esker discharged into a lake. This is supported by 
morphological similarities wi th fan-shaped, flat-topped mounds of the Carstairs Esker system 
in Scotland (Thomas and Montague, 1997) and the eskers of central Ireland (Warren and 
Ashley, 1994; Delaney, 2001), which are interpreted as having formed in proglacial water 
bodies as water discharged from subglacial tunnels. This interpretation is supported by the 
sedimentology of Hoppen Hill; interbedded laminated clays and silts (as identified by 
Carruthers et al., 1927) are evidence of deposition in a relatively quiescent water body. 
Highly linear, elongate ridges at oblique angles to the main N-S trend of the Bradford Complex 
are identified to the east and west of the northernmost esker, south of Newham and west of 
Doxford Farm towards the south of the complex (see Fig. 43, page 60). The genesis of these 
features is difficult to infer without sedimentological surveys, however, oh the basis of their 
morphology, it is considered likely that they are eskers. As mentioned above, ice f low is 
broadly parallel to the Bradford Complex, although their does appear to be a degree of flow 
convergence (explored further in section 5.2.1). As eskers form subparallel to ice-flow, it is not 
implausible that these are eskers.. An alternative theory is that these oblique^trending ridges 
are supraglacial crevasse fills, deposited during ice stagnation. However, given the low 
preservation potential of supraglacial crevasse fills (c.f. Evans etal., 1999), a subglacial esker 
origin is preferred. 
As at Wooler and Cornhill, the presence of water-filled depressions and irregular sand and 
gravel hummocks In close association with the eskers are indicative of stagnating ice, which 
reinforces the notion that these glaciofluvial complexes formed during deglaciation. The 
above interpretation of the landforms of the Bradford Complex is in agreement with that of 
Huddart (2002b), who proposed the complex was formed as a series of subglacial eskers, 
glaciolacustrine deltas and supraglacial kames. The implication of the above interpretation for 
the local and regional glacial dynamics is discussed in the ne;xt chapter (see section 5.2) 
4.3 Assemblage C: Mel twater Channejs 
Erosional channels have been mapped between 50 and 450 m OD in the Cheviots (Fig. 46, page 
64) and 50 and 250 m OD in the Lammermuir Hills (Fig. 47, page 65). Channels range from 
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short, shallow depressions to long, deeply incised, meandering channel systems with multiple 
inlets and outlets. Most channels are dry, although some are occupied by small misfit streams. 
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Figure 46: Distribution of meltwater channels Types A-D in the west Cheviots. Contours are at 50 m 
intervals, constructed in ArcGISfrom NEXTmap DEM. 
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Figure 47: Distribution ofmeltwater channels Types A-D in the southern Lammermuir Hills. 
Channels are predominantly cut into bedrock (andesite, basalt, rhyolite in the Cheviots, 
Llandovery, Lower Old Red Sandstone and Tuff and Aglomerate in the Lammermuir Hills (BGS 
Geology maps, NERC 2008)). In the Cheviots, channels are identified predominantly in the east. 
Between Roddam and Akeld, channel outlets are generally orientated towards the southeast. 
Between Roddam and Ingram, few channels are identified. South of Ingram, channel outlets 
are predominantly orientated towards the northeast, wi th those west of Biddlestone 
orientated east or southeast. In the Lammermuir Hills, the channels are predominantly 
orientated NW-SE, and appear to be aligned with the topography; the majority of channels are 
found in present day valleys. 
The anastomosing channels are interpreted to have been mechanically eroded by meltwater 
f lowing in subglacial, ice-marginal and submarginal systems. This is inferred from the form of 
the channels, their alignment with the topography and relationship with each another. The 
scale and number of these channels imply large volumes of water - and therefore ice - were 
present in the Cheviots at the t ime of formation (Sugden et a!., 1991). The association of these 
channels with glacial meltwater is in line with previous researchers (e.g. Carruthers et al., 
1930; Common, 1957; Price, 1960; Derbyshire, 1961; Clapperton, 1968; Lunn, 1995). Based on 
their morphology, four groups of channels are identified. All four are found in close association 
wi th each another in the Cheviots, although in the Lammermuir hills, only types A and D are 
widely identified. 
4.3.1 Type A Channels: Ice-marginal channels 
4.3.1.1 Description 
These channels are aligned parallel to the contours and frequently start and end abruptly. In 
cross-section, they have the appearance of a bench rather than a complete channel. Often 
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these channels are found orientated parallel to each another at successive heights down the 
hillsides. At Ewe Hill, such channels are orientated oblique to the contours, gently running 
down hillsides (system 10, Fig. 46, page 63). Well-defined examples of Type A channels in the 
Cheviots are found between Pennylaws and Biddlestone at Ewe Hill (system 7, Fig. 46, page 63) 
and west of South Middleton. Channels range in depth f rom around 5 to 25 m and vary in 
length f rom around 350 m to over 2.7 km. In several cases, such as at Akeld, these channels 
exhibit gently undulating long profiles. Channels are cut through the bedrock and also through 
Devensian Till. Occasionally multiple-inlets are identified, such as at Middleton Hall. In the 
Lammermuir Hills, type A channels are numerous south and east of Chirnside. 
4.3.1.2 Interpretation 
The alignment of these channels parallel to the contours indicates these were formed ice-
marginally. As ice downwastes, marginal drainage channels form between the newly revealed 
hill-slopes and the stagnating ice mass 
(Mannerfelt, 1949; Dyke, 1993). These 
channels therefore most likely formed as 
the TIS retreated from the flanks of the 
Cheviots. The ice formed one half of the 
meltwater channel, explaining the bench-
shape of these channels (Glasser and 
Bennett, 2004) (Fig. 48). Channels eroded 
at increasingly lower elevations, such as 
around Pennylaws and Ewe Hill represent 
the position of the ice margin during Figure 48: Model of ice-marginal channel formation. 
Ice margin is retreating, cutting channels at 
retreat (Glasser and Bennett, 2004). The progressively lower altitudes. 
low gradient of these channels indicate that the ice surface was relatively shallow. Since these 
channels would have been open to the atmosphere, water f lowed with gravity downhil l . 
However, due to the propensity of meltwater to drain into subglacial chutes (channel Type B), 
such channels may not fully represent the ice margin position (Mannerfelt, 1949). It is 
proposed that those channels with gently undulating long-profiles, f lowed beneath the ice at 
the margins. These channels are referred to as submarginal channels and represent erosion by 
subglacial waters f lowing more or less parallel to the hillside. The abrupt inlets and outlets of 
ice-marginal channels are interpreted to be the result of ice-marginal and submarginal waters 
plunging directly beneath the ice, possibly through subglacial or englacial channels (Benn and 
Evans, 1998). 
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4.3.2 Type B Channels: proglacial channels and submarginal chutes 
4.3.2.1 Description 
Channels in this group run straight down the hillsides, approximately at right angles to the 
contours and are cut through bedrock, till and glaciofluvial deposits that mantle the lowest 
slopes of the Cheviot massif. They are often short (< 300 m long) and start and end abruptly. In 
a few cases, these channels have short sections that are undulating in long profile. Several 
channels terminate in larger channel systems, changing direction and running obliquely 
downhil l . In cross-section, a few channels have more deeply incised upper sections than lower. 
In the Cheviots, such channels are observed at Middleton Hall, at the Earl Hill system and at 
Pennylaws. Type B channels are infrequently identified in the Lammermuir Hills, although a 
few are found between Berwick and Chirnside. 
4.3.2.2 Interpretation 
These channels are interpreted as proglacial channels and/or submarginal chutes (e.g. 
Mannerfelt, 1949). The morphologic criteria used to identify these channels are primarily their 
position on the hillside and also their relationship with other channel systems. These channels 
may be proglacial channels, formed by meltwater f lowing downhil l f rom the Cheviot Ice Cap 
(Clapperton, 1970b) over the ice-free land between the Tweed and Cheviot ice (Fig. 49). As 
these ice masses separated during deglaciation, meltwater would have been focussed at the 
margins of the TIS and in the proglacial zone of the Cheviots. Alternatively, these channels may 
be submarginal chutes, formed where submarginal and subaerial waters plunged beneath the 
TIS margin (Fig. 49). It is considered likely that both these situations could have occurred. 
Cheviot ce 
Tweed Ice 
Figure 49: Model of Type B Channel formation, (a) Channels formed in a proglacial setting by runoff from 
the Cheviot Ice Cap, (b) Channels Formed as submarginal and subaerial water (and possibly Cheviot ice 
cap runoff) plunge directly beneath the TIS margin. 
Submarginal chutes frequently exhibit steep gradients, changes in directions as they join 
marginal channels and abrupt inlets and 'hanging' outlets (Menzies and Shilts, 1996; Clark et 
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al., 2006). Several of the channels mapped in the Cheviots do exhibit seed points than appear 
to start out of nowhere on the hillside. Such channels are visible southwest of South Middleton 
(see Fig. 46, page 63). These channels have been previously interpretied as subglacial chutes 
(e.g. Clapperton, 1968; Lunn, 1995), a theory proposed to explain morphologically similar 
channels elsewhere. The lengths of submarginal chutes in the Cheviots and Lammermuir Hills 
allow inferences to be made on ice thickness. The distance that these channels were able to 
penetrate through Tweed and Cheviot ice is likely to be determined by the englacial 
piezometric water level (water table). Glenn (1954, cited in Clapperton 1970) proposed that 
such channels should only be able to penetrate through ice that was 600 f t (182 m) thick. 
Given that several of these channels run down hillsides for distances up to 300 m, it is 
suggested that meltwaters penetrated through greater thicknesses of ice. As the ice retreated 
f rom the Cheviots, it is envisaged that ice-marginal meltwaters plunged, rapidly beneath the 
stagnating ice (c.f. Glasser et al, 1999). However, Glasser et al. (2004) argue that a subglacial 
origin for such channels is tenuous as there are limited recorded modern processes of 
subglacial chute formation. Instead, they invoke a subaerial fluvial origin, with channels incised 
during eustatic lowstands. Despite this, a submarginal chute origin is favoured here. Subaerial 
modification of these channels is considered'to have been limited, as all; observed channels 
were dry. 
4.3.3 Type C Channels: Superimposed englacial channels 
4.3.3.1 Description 
Channels in this group are characterized by their short (-250-600 m long), shallow and poorly 
defined form. They appear to have no apparent orientation to the underlying topography, 
instead cutting across contour lines, spurs and hill summits. They are frequently short and 
poorly defined. The vast majority of such channels are carved into bedrock. Such channels are 
found south of Akeld and also on the higher sloped between Ingram and Penhylaws, where 
they are found parallel to one another (see Fig. 46, page 63. Northwest of Duns, these 
channels cut directly across the Langton Edge spur separating Wellrig Burn from Mill Burn (see 
Fig. 47, page 64). 
4.3.3.2 Interpretation 
These channels cutting across spurs, wi th no apparent alignrfierit with the relief, are 
interpreted as superimposed englacial channels. Clapperton (1968) proposed that where ice 
downwastes, supra- and englacial channels are brought to successively lower elevations until 
they become subglacial and erode through the highest points of the landscape (Fig. 50, 
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page 68). These channels have been referred to as severed spur channels. It is unlikely that 
severed spur channels represent superimposition of supraglacial channels, as by nature, these 
channels are ephemeral and frequently drain through crevasses and moulins into en- and 
subglacial channels (Benn and Evans, 1998). The distribution of these channels throughout the 
Cheviots can be explained in terms of ice f low direction. Clapperton (1968) proposed that the 
orientation of spurs and valleys at right angles to ice f low (and therefore meltwater f low) 
resulted in the superimposition of channels directly across these topographic high points. The 
majority of these channels south of Roddam are orientated towards the southwest, which 
differs f rom subglacial (Type D) and ice-marginal (Type A) channels, the orientation of which is 
towards the southeast north of Roddam (TIS) and northeast south of Roddam (SIS). This 
implies that ice f low was f rom the northwest, i.e. from the central regions of the Cheviots, 
which adds weight to the argument that the Cheviots were occupied by ice, although it is 
difficult to say whether it was an independent ice cap or an overriding ice mass. Lunn (1980; 
1995) highlights that, in glaciers at pressure melting point, meltwater will descend to the 
glacier bed and f low subglaeially and that to explain superimposed channels, a thermally 
layered ice sheet is invoked. 
Figure SO: Model ofenglacial channel superimposition. Englacial conduit is lowered onto a spur or hilltop 
as the ice downwastes (left). The result is a 'severed spur channel' (right) 
4.3.4 Type D Channels: Subglacial channels 
4.3.4.1 Description 
These channels mainly follow present day valleys. These channels are largest of the four types 
and most deeply incised (Fig. 51b, page 69), although some exhibit more shallow cross-
sections (Fig. 51a, page 69). Cross sections are V- to U-shaped and predominantly symmetrical, 
although several exhibit sections that are asymmetric. They have anastomosing, undulating 
long profiles (Fig.52, page 69) and are up 5 km to in length. Channels are, in places, occupied 
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by peat and ti l l . Multiple inlets, frequently in cols, and multiple outlets are identified south of 
Pennylaws, in The Trows (Fig. 53, page 70) and the Earl Whin system south of Wooler. In 
several cases, channel tributaries are type B channels (see above). In the Lammermuir Hills, 
these channels are less well defined. With no multiple inlets nor outlets, nor bifurcating 
sections. These channels are however longer than those in the Cheviots, are highly sinuous 
and exhibit undulating long profiles. 
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Figure 51: Type D Channel cross sections in the Cheviots, (a) cross-section of Kingston Dean 
Channel (channel number 6, Fig.46, page 63); (b) cross-section of Roddam Dean Channel 
(channel no. 7, Fig.46, page 63); (c) cross section of the Harden Burn channel (channel no. 
8, Fig.46, page 63) and the AInham Channel (channel no. 9, Fig.46, page 63) to the south of 
Pennylaws. 
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Figure 52: Channel long profiles, (a) Buxley Channel in the Lammermuir Hills (channel no. 2 
in Fig.47, page 64); (b) Kings Chair Channel in the Cheviots (channel no'.3 in Fig. 46, page 
63). Note undulating sections. 
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Figure 53: DEM of The Trows system south of Wooler View is towards the 
west. Note the anastomosing channels and multiple inlets. 
(DTM from NEXTmap* Britain, Intermap Technologies, 2008). 
4.3.4.2 Interpretation 
These channels are interpreted as subglacial meitwater channels. This interpretation is based 
on their undulating, anastomosing long-profiles, abrupt inlets and outlets and relationship wi th 
other channels. The anastomosing and bifurcating nature of the channels in the Cheviots south 
of Wooler and south of Pennylaws can provide an insight into the organisation of the 
subglacial drainage system. Clapperton (1968) proposed that during deglaciation, as ice was 
thinning, meltwater drainage was concentrated in the cols, which lends an explanation to 
those channels with inlets in cols. Meltwater that penetrates through the glacier at the 
margins or through moulins, crevasses, cavities and fractures can flow in one of two ways on 
reaching the bed. Water either flows slowly and inefficiently in distributed, linked cavity 
systems or relatively turbulently and efficiently through conduits (Boulton et al., 2007). 
Anastomosing erosional channels are thought to represent the former, wi th meltwater flowing 
in linked cavity systems. Other sections of these channels are also dendritic, which represents 
discrete canalised flow (Benn and Evans, 1998). This implies a shift between conduit and cavity 
f low during channel formation, which may happen where the glacier flows from a hard bed 
onto unlithified sediment (Boulton et al., 2007). The Trows system is anabranched where its 
lower section cuts through Devensian t i l l . It may be that the f low of ice from bedrock to 
unconsolidated sediment triggered a switch from channelized f low to a distributed f low 
system. Alternatively, anabranched sections may form over t ime where englacial channels are 
superimposed over subglacial channels (Menzies and Shilts, 1996) or as subglacial channels 
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switch their course (Benn and Evans, 1998). Given that the majority of channels are cut into 
the bedrock in the Cheviots and Lammermuir Hills only very few exhibit changes in substrate 
along their long profiles, it can be suggested that anabranched sections form in this way. 
Arguably the most diagnostic feature of subglacial channels is the undulating long profile. This 
characteristic is observed in a vast majority of channels identified in the Lammermuir and 
Cheviot Hills, such as at Humbleton Hill and the Kings Chair Channel (Fig. 54). Subglacial 
channels are often referred to as 'ice-directed channels' (Benn and Evans, 1998), as their 
orientation is controlled by the hydraulic potential gradient, which is determined by the glacier 
slope and the subglacial topography (Shreve, 1972). Water flowing in subglacial conduits (i.e. a 
closed system) is under hydrostatic pressure and can consequently f low uphill (Sugden et al., 
1991; Menzies and Shilts, 1996), which accounts for the occurrence of undulating long profiles. 
Since these channels predominantly fol low present day valleys, it can be suggested that their 
formation was influenced by the pre-existing topography. Subglacial channels are normally 
associated with warm-based ice, where meltwater can penetrate to the bed (c.f. Sugden et al, 
1991). However, in the Cheviots, the lack of glacial erosion indicates a cold-based ice cap was 
present (Clapperton, 1970), which is potentially incompatible with the meltwater evidence 
presented here. However, given this lack of evidence for glacial erosion and the fact that the 
channels in the Cheviots are only likely to have formed where meltwater was abundant (c.f. 
Clapperton, 1968), it is suggested that the subglacial channels formed during deglaciation. 
Figure 54: Steeply incised, v-shaped Kings Chair Channel in the Cheviots. (Channel 
no.3 in Fig. 46, page 53). View is down-channel towards the south. Note rising long-
profile at centre of picture. Photo: KEHS. 
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DISCUSSION 
Geomorphological mapping of the Tweed Valley and surrounding area has identified three 
distinct glacial landform assemblages; subglacial streamlined bedforms, meltwater channels 
and hummocky glaciofluvial deposits. The identification of similar landforms in other formerly 
glaciated regions has facilitated the reconstruction of the glacial processes, subglacial thermal 
conditions, configuration and dynamics of palaeo-ice sheets (e.g. Warren and Ashley, 1994; 
Punkari, 1997; Kleman and Glasser, 2007). In this chapter, the implications of the data 
generated in this study for the palaeo-ice sheet dynamics of the Tweed-Valley and surrounding 
area will be discussed. 
5.1 The case for a Tweed Ice Stream 
Tracks of numerous, closely-spaced highly attenuated bedforms have been attr ibuted wi th ice 
streaming in a number o f formerly glaciated and contemporary settings (e.g. Laymon, 1992; 
Hodgson, 1994; Everest ef a!., 2005; Goiledge and Stoker, 2006; Stokes et aL, 2006). Previous 
researchers have invoked fast ice f low to explain the highly attenuated bedforms in the Tweed 
Valley (e.g. Clappertoti, 1971a; Clark ef o/., 2004). This led Everest ef al. (2005) to propose that 
these bedforms are the clear signature of a palaeo-ice stream. In this section, the evidence to 
support the presence of the Tweed Ice Stream will be discussed. Stokes and Clark (1999) 
constructed a set of criteria for the identification of palaeo-ice streams from the 
georinorphological record (Table 2, page 37). Based on these criteria, the existence of the TIS is 
strongly supported by the following five criteria: 
(1) The shape and dimensions of the TIS pathway are characteristic of both palaeo-ice stream 
tracks and contemporary active ice streams. The TIS track is, at its widest, 35 km across. 
Contemporary ice streams are frequently wider than 20 km (Stokes and Clark, 1999). The 
Amundsen Gulf palaeo-ice stream track is very large, at over 150 km wide and 1000 km long 
(c.f. Stokes ef al., 2006). The onshore section of the TIS is approximately 65 km long in the 
Tweed Valley and 40 km long along the NNCP, however its total length is unknown as the 
terminus is inferred to have been offshore (Everest ef al., 2005). The shape of the TIS track is 
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also characteristic of ice streams; ice streams of the Antarctic and Greenland ice sheets 
characteristically have funnel-shaped upstream onset zone that lead into a main trunk (Jezek, 
1999). 
(2) The arrangement of streamlined subglacial bedforms reveals converging ice f low in the 
upper Tweed Valley, leading into a narrower trunk between the Cheviot and Larhmermuir Hills. 
It is inferred that velocities increased through the zone of convergent f low into the central 
trunk of the TIS. This is based on a comparison with the WAIS ice streams, from which 
geophysical data reveal zones of f low convergence are characterised by increasing flow 
velocities (c.f. Jacobel ef o/., 1996; Rignot, 2006; Joughin et al., 2006). It is inferred that this 
convergent bedform pattern in the upper Tweed Valley represents the onset zone of the TIS. 
Modern ice stream onset zones are identified by convergent surface flow patterns and high 
velocity gradients f rom areas of featureless ice to zones of heavily crevassed ice (Bell ef al., 
1998). 
(3) The highly attenuated, closely-spaced streamlined bedforms wi th elongation ratios <1:12 
are indicative of rapid ice f low (Stokes and Clark, 2002; Briner, 2007). It was thought initially 
that constancy of f low controls bedform elongation (Boyce and Eyies, 1991). However, the link 
between fast velocities and bedform elongation is now recognised; geomorphblogieal 
evidence (drumlins and MSGL) from the Antarctic Continental Shelf has been associated with 
ice streams that retreated during the Holocene (c.f. Shipp et o/., 1999; O'Cofaigh et al., 2008). 
Flow velocities of these ice streams are observed to exceed 0.8 km yr"^ (Bennett, 2003). 
(4) The spatial variation in streamlined bedform size and elongation ratios is a product of the 
distinct velocity field of ice streams (Stokes and Clark, 2002). The most elongate bedforms ai^ e 
identified in the centre of drumlin fields; in the New York drumlin field, elongation ratios 
increase along a central flowline (Briner, 2007). In contemporary ice streams, f low velocities 
along the central regions of ice streams have been observed to exceed 800 m yr"^ (Paterson, 
1994). At the lateral margins, drag is exerted by the slower-flowing ice (< 10 m yf^) 
(Anandakrishnan et al., 1998; Bennett, 2003). These spatial velocity variations are reflected at 
the ice surface as crevasses and longitudinal ridges and troughs (Whillans and Merry, 2001). It 
has been proposed that the presence of a subglacial deforming layer permits rapid f low under 
the low driving stresses characteristic of ice streams (Blankenship et al., 2001 ; TulaCzyk et al., 
2001). It is therefore inferred that f low velocities were greatest towards the centre of TIS 
track, as the most elongate bedforms (>1:10) have been identified here;. Flow was slowest 
towards the ice margins, where shorter, less elongate bedforms have been mapped. 
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(5) The lateral margins through the main trunk of the TIS track are abrupt and are delineated 
by the higher ground of the Lammermuir Hills to the north and the Cheviots to the south. This 
sharp boundary between streamlined terrain and non-streamlined terrain represents the 
transition zone between two zones of ice with differing thermal and dynamic regimes 
(Raymond et al., 2001; Hall and Glasser, 2003; Golledge and Stoker, 2006). Contemporary ice 
stream lateral margins are visible at the ice surface as zones of intensely crevassed ice up to 2 
km wide (Bell et al., 1998; Stokes and Clark, 1999). In contemporary ice streams, ice stream 
lateral margins are visible as a sharp boundary between crevassed ice exhibiting flow-parallel 
banding and 'featureless' ice (Bell et al., 1998). Across this boundary, high velocity gradients 
are observed, wi th velocities often several degrees of hriaghitude higher within the ice stream 
than outside it. This explains the presence of streamlined bedforms inside but not outside this 
boundary. 
5.1.1 Tweed Ice Stream Dynamics 
Based on above geomorphological criteria, the existence of the TIS is strongly supported. 
Previous researchers have proposed that fast ice flow was responsible for the formation of the 
northeast trending drumlins in the Tweed Valley (e.g. Clapperton, 1971a; Clark et al., 2004; 
Everest et al., 2005). However, new data presented in this study suggest that the TIS was more 
dynamic than previously thought. Cross-cutting bedforms southwest of Berwick-upon-Tweed 
(see Fig. 18, page 34) have led to the identification of two superimposed flow-sets (see Fig.25, 
page 40). Both flow-sets fulfil 5 of the 8 geomorphological criteria for ice stream activity (see 
table 2, page 41), The first flow-set, situated in a broad arc around the Cheviot massif (shown 
in red in Fig. 25, page 40), shows a stronger signature in the landscape than the second flow^ 
set, which trends towards the northeast in the lower Tweed Valley (see section 4 .1 , shown in 
blue in Fig. 25, page 40). Highly complex, cross-cutting flow-sets associated with ice streahning 
in the Canadian Arctic Archipelago and mainland Canada represent a reorganisation of the ice 
margin or a shift in the ice divide during retreat growth and retreat phases (Stokes et al., 
2006). The presence of two flow-sets in the Tweed Valley and surrounding area are interpreted 
to represent a shift in the axis of f low of the TIS. Owing to the subtle nature of the N E trending 
flow-set, it is proposed that localised cross-cutting or flow-switching occurred, possibly during 
deglaciation. The southwards diversion of the Tweed, Solway and Cheviot ice is understood to 
have occurred as ice advanced into the North Sea Basin (NSB) from the Scottish Highlands 
during the Devensian (Sissons, 1964; Lunn, 1980; Huddart and Glasser, 2002). Occupation of 
the NSB was episodic, with advance and retreat phases occurring throughout the Devensian 
(Sejrup et al., 1994; Carr et al., 2006; Nygard et al., 2007). The NE orientated bedform.s 
southwest of Berwick-upon-Tweed suggest ice f low was directly offshore and therefore must 
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have formed when this sector of the NSB was ice free (shown in blue in Fig. 55). However, the 
t iming and duration of NSB ice advances are debated, which makes any inferences on the 
t iming of the TIS flow-switching event speculative. 
Figure 55: Flow trajectories of the TIS Inferred from orientation of streamlined bedforms. LEFT: flow 
direction NE offshore during periods where North Sea was ice free. RIGHT: Diversion of the TIS with 
growth of the North Sea lobe (flow direction in green dashed arrows). Based on data collected in this 
study and Carr et a!., 2006; Nygard et al, 2007. 
Lambeck (1993) proposed that the NSB was largely ice free from ~26 ka BP, whereas more 
recent reconstructions show ice advanced later in the Devensian (c.f. Carr ef o/., 2006; Nygard 
ef ai, 2007). Carr et al. (2006) proposed the BIS advanced into the NSB between 18-16 ka BP, 
during which t ime an ice free corridor existed between the BIS and FIS. Nygard et al. (2007) 
proposed that the BIS and FIS were confluent until ~24 ka BP and that subsequent to this, two 
oscillations of the BIS occurred between ~17-15.5 ka BP. During these more recent oscillations, 
the BIS was not coalescent wi th the FIS and flowed southwards along the east coast of Britain 
to the southern NSB (Nygard et al., 2007). It is therefore considered likely that f low of the TIS 
switched from onshore to offshore several times as ice advanced and retreated in the NSB. 
The NE trending flow-set southwest of Berwick-upon-Tweed shows flow was directly offshore, 
and thus implies that this sector of the NSB was ice free at this t ime. Thus, the NE trending 
flow-set may have either formed prior to or immediately fol lowing the development of the 
North Sea Lobe. It is proposed here that these bedforms are the product of the most recent 
f low stage of the TIS, perhaps during deglaciation. If these bedforms were formed prior to ice 
developing in the NSB, it is expected they would have been reworked or obliterated by the 
later f low event. As it is, the subtle nature of these features are interpreted to reflect localised 
f low switching during deglaciation. 
5.1.2 Controls on ice streaming 
The onset of ice streaming in both contemporary and palaeo-environments is frequently 
attr ibuted to the nature of the subglacial topography and the presence of a subglacial 
deforming bed (e.g. Anandakrishnan et al., 1998; Bell et al, 1998; Joughin et al., 2002; Peters et 
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al., 2006). More recently, De Angelis and Kleman (2008) proposed that the location of palaeo-
ice stream onset zones were by a basal thermal boundary and glaciological factors. The onset 
zone of the TIS in the upper Tweed Valley is just to the west of this study site and has not been 
mapped. However, f rom studying the relationship of the mapped streamlined bedforms with 
the surrounding topography (Fig. 56), it can be seen that f low converges in the upper Tweed 
Valley. Surrounding the upper Tweed Valley is a ring of higher ground, extending f rom the 
Lammermuir Hills round to the Cheviots, wi th tributary valleys f lowing into the Tweed Valley 
(black dashed arrows in Fig. 56). It is suggested these tributary valleys may have acted to 
channel ice into the Tweed Valley. In West Antarctica, it has been observed that the position 
of subglacial valleys coincide well wi th ice stream tributaries in the ice stream onset zones 
(Joughin et al., 2002). In the Cairngorm Mountains in Scotland, the location of pregiacial valleys 
is suggested to have played a dominant role in the development of ice streams by acting to 
channel f low, promoting strain heating and facilitating f low acceleration (Hall and Glasser, 
2003). 
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Figure 56: Ice flow directions (shown in red) in the upper Tweed Valley as inferred from mapped 
bedforms (shown in black). Note that ice flow converges in the upper Tweed Valley, which is 
surrounded by higher ground. Black dashed arrows show orientation of tributary valleys. Inset 
map shows location In relation to the northern British Isles. Basemap SRTM relief-shaded DEM 
(CIAT, 2004). 
In terms of the f low of the TIS along the Tweed Valley, it is likely that the subglacial topography 
acted to channel the ice. The sharp lateral margins of the TIS are delineated by the higher non-
streamlined ground of the Lammermuir and Cheviot Hills to the north and south of the main 
trunk of the ice stream (see Fig. 56 and Fig. 57, page 77). A similar situation is observed at 
Recovery Ice Stream of the Filchner-Ronne Ice Shelf in Antarctica, where mountains to the 
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north and south exert a topographic control (Joughin et a!., 2006). In the valleys of the 
Cairngorms, there is evidence of intense glacial erosion, whereas the higher ground between 
have been relatively unmodified (Hall and Glasser, 2003). Similar zones of selective glacial 
activity are also documented in Marie Byrd Land, Antarctica and reflect spatial contrasts in the 
subglacial thermal organisation of the ice sheet (Kleman and Glasser, 2007). The large scale 
physiography and glacial geomorphology of the Tweed Valley and surrounding area bears 
similarities to such regions of selective glacial activity. The Cheviots show little evidence of 
glacial activity and are proposed to have been occupied by a cold based ice cap (Clapperton, 
1970; Everest et al., 2005, discussed in section 5.4), whereas the Tweed Valley and NNCP show 
evidence of intense ice streaming (i.e. warm-based ice). Whilst the development of the 
preglacial topography is unknown, it is suggested that the lateral margins of the TIS were fixed 
by the higher ground of the Cheviots and Lammermuir Hills. If the TIS was confluent wi th 
Cheviot ice (as was proposed by Clapperton, 1970) and southern upland ice in the Lammermuir 
Hills, the jump in elevation occurring at the bed of the TIS would have resulted in the 
development of a shear margin between these ice masses (Raymond et al., 2001). This is 
explored more fully in section 5.3. It is also considered likely that the extensive till sheet 
across the Tweed Valley and along the NNCP (see Fig. 23, page 37) facilitated rapid basal 
movement through subglacial deformation (Everest et al., 2005). It is therefore proposed that 
the onset of ice streaming was initiated by the topographic jump between the higher terrain 
surrounding the upper Tweed Valley and the lower ground of the main trunk of the Tweed 
Valley. Flow was facilitated in the Tweed Valley by basal sliding over the deformable substrate, 
wi th the position of the ice stream being fixed by the higher ground to the north and south. 
Lammermuir Hills Cheviot massif 
TIS track 
Figure 57: DEM of the TIS track showing sharp transition between streamlined ground of the TIS track 
and higher non-streamlined ground of the Lammermuir and Cheviot Hills to the north and south. 
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5.1.3 Duration of ice streaming 
From the morphology and spatial characteristics of the subglacial streamlined bedforms of the 
TIS, and their relationships with other I'andforms, it is possible to infer whether they were 
formed time transgressively or isochronously (Clark, 1999). Establishing this is important for 
determining the history and dynamics of the ice stream (Stokes and Clark, 2001). The 
synchroneity of bedfprms within flow-sets reveals information on when and over what 
timescale they formed (Clark, 1999). Time transgressive ice stream imprints are identified by 
overprinted and modified bedforms and reflect formation over successive glaciations during 
advance and retreat phases (Stokes and Clark, 2001). The bedforms of both flovy-sets of the TIS 
are more characteristic of an isochronous ice stream imprint, in that bedforms show little sign 
of reworking or overprinting (c.f. Clark, 1999; Stokes and Clark, 2001). Similar, isochronous ice 
stream imprints are observed in the Amundsen Gulf in the Canadian Arctic Archipelago, where 
systematic highly parallel bedforms within individual flow-sets are interpreted as evidence of 
rapid f low during a single f low event (Stokes et al., 2006). Subglacial bedforms along the TIS 
path are highly parallel, highly attenuated and are therefore interpreted to have formed 
relatively fast (Stokes and Clark, 2002). As with other isochronous palaeo-ice streams, it is 
suggested here that the observed bedforms represent the imprint of the ice stream 
immediately prior to ice stream shut-down (c.f. Stokes and Clark, 2003). 
5.1.4 Retreat of the TIS 
From the geomorphology of the TIS track, it is inferred that ice stream retreat was continuous 
and relatively rapid. This is based on a comparison wi th the geomorphological imprint of 
palaeo-ice streams in northern Canada (c.f. Stokes et al., 2006) and the imprint of ice streams 
that retreated- from the Antarctic Continental shelf post-LGM (c.f. Shipp et al., Lowe and 
Anderson, 2002; 6 Cofaigh, 2008). Landforms superimposed transverse to f low over 
streamlined bedforms, such as terminal moraines and grounding zone wedges are evidence of 
stillstands of the margin during slow or episodic retreat (Lowe and Anderson, 2002; 6 Cofaigh 
et al., 2008). Stokes et a I (2006) speculated that a stiNstand in the margin of the Amundsen 
Gulf Ice Stream in the Canadian Arctic Archipelago was recorded by a morainal bank. Rapid, 
continuous ice streahn retreat, such as that recorded across Marguerite Bay of the Antarctic 
Peninsula, is characterised by consistently parallel bedforms and an absence of transverse 
moraines and cross-cuttihg lineations (O Cofaigh ef al., 2008). The glacial geomorphology of 
the Tweed Valley and NNCP show similarities to this, in that bedforms are consistently parallel 
and display a low degree of modification. There is also no gepmorphological evidence to 
support episodic retreat; no terminal moraines or transverse features are identified at any 
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distance along the TIS track. There is however, as mentioned above, evidence of localised 
cross-cutting, implying flow switching during deglaciation. 6 Cofaigh et al. (2008) suggest this 
is indicative of slower retreat. Despite this, it is proposed that retreat of the TIS was relatively 
fast, as the streamlined subglacial bedforms show little sigh of modification, which is expected 
during slower retreat. Full retreat of the TIS is considered likely to have occurred by 15 ka BP, 
as the onshore margin is recorded north of the Scottish Border at this t ime (Huddart, 2002a). 
5.2 The Bradford Interlobate Complex 
The Bradford complex on the NNCP is comprised of eskers, crevasse fills, kames and 
subaqueous fans, which together form an elongate complex of sand.and gravel over 10 khn 
long (see section 4.2.3). The complex is located approximately parallel to regional ice f low 
indicators, as is inferred f rom the streamlined bedforms to the west and east. To the west, 
streamlined bedforms reveal that ice f low was oblique to the main N-S trend of the complex, 
whereas to the east it was more parallel, implying ice f low was broadly convergent here.; It is 
argued here that this relationship between these landform assemblages, which not previously 
been-recognized, is key in determining the origin-of-the Bradford..Complex. In this section, the 
implications of the geomorphological data for the mode of genesis of this complex and the 
style of deglaciation will be discussed. 
5.2.1 Genesis of the Bradford Complex 
In terms of the origin of the Bradford Complex, it is proposed that deposition occurred in a 
series of subglacial feeder conduits and proglacial lakes, that formed during ice retreat (see 
section 4.2.3.2). During deglaciation, kame and kettle topography was formed amongst the 
eskers and subaqueous fans, resulting in the distinct hummpcky appearance of the complex. 
Similar palaeo-environmental settings have been invoked at the Bradford Complex by other 
researchers (c.f. Parsons, 1966, cited in Huddart, 2002b). Parsons (1966) concluded that the 
series of eskers formed in closed conduits as ice retreated towards the north. This was 
developed by Huddart (2002b), who proposed that esker formation was initiated in subglacial 
conduits discharging into ice-dammed proglacial lakes. Whilst the broad palaeb-environmental 
setting is agreed on in this study (i.e.. proglacial lakes and subglacial feeder conduits), the 
glacial configuration and dynamics are suggested to have differed. Both Huddart (2002b) and 
Parsons (1966) proposed that the Bradford Complex formed during stillstands of the ice 
margin as ice retreated to the north through the Warren Gap. However> evidence presented 
in this study show that retreat of the TIS along the NNCP was continuous; there is no evidence 
that retreat was punctuated by stillstands (see section 5.1.4). As mentioned above, the 
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Bradford Complex is found in close association wi th adjacent streamlined bedforms, the 
orientation of which suggest f low oh the complex was convergent. It is proposed in this study 
that the TIS and NSL were convergent and that the growth of the NSL diverted the TIS 
southwards along the NNCP (see section 5.1.1). Given the suggestion that the NSL flowed for a 
short distance onshore in Northumberland and further south in County Durham (Teasdale and 
Hughes, 1999, Davies et al., 2009), it is proposed here that the Bradford Complex was formed 
in the convergence zone between these two ice streams. 
Morphologically similar elongate glaciofluvial complexes have been identified in the 
convergence zones of palaeo-ice streams of the Fennoscandian Ice Sheet (c.f. Punkari, 1908, 
1997; Makinen, 2003), the Cordilleran and Laurentide Ice Sheets (e.f. Fraser, 1993; Brennand 
and Shaw, 1996; Brennand et ai., 1996; Hicock and Fuller, 1996) and the British-Irish Ice Sheet 
(c.f. Warren and Ashley, 1994, 1997; Thomas and Montague, 1997; Huddart and Bennett, 
1997; Delaney, 2001, 2002). These complexes, known as interlobate coniplexes or interlobate 
moraines (c.f. Punkari, 1980), are the product of foeussed glacial drainage and glaciofluvial ice-
contact deposition between two converging ice masses within polycentric ice sheets 
(Brennand and Shaw, 1996; Punkari, 1997; Huddart and Bennett, 1997; Thomas and 
Montague, 1997). In terms of morphology, these complexes are similar to the Bradford 
Complex. For example, the Tampere interlobate zone in southern Finland is an elongate 
complex formed of a central esker ridge flanked by kettle holes, glaciofluvial hunihnocks and 
deltas (Punkari, 1997). Flow indicators also converge on this complex (Punkari, 1997). Based 
on a comparison with these complexes, insights into the genesis of the Bradford Complex are 
provided. 
It is proposed that glacial drainage and glaciofluvial deposition were focussed in the zone of 
convergence between the TIS and NSL on the basis that wi th convergent flow, ice surface 
profiles are approximately concave (Hughes, 1981). As glacial drainage within ice sheets is in 
large parts controlled by the ice sur~face slope (Shreve, 1972), meltwater flow within the TIS 
and NSL would have been towards the confluence zone. Meltwater would also have been 
focussed towards the bed through surface crevasses. The high velocity gradients that exist 
across interlobate zones would also have promoted melting in the shear-heated converging ice 
(Punkari, 1997), leading to a well-established isubglacial drainage network (Warren and Ashley, 
1994) (Fig. 58, page 81). As the TIS and NSL separated along their confluence zone, it is 
proposed that deposition was initiated in these subglacial conduits as lakes formed proglacially 
(Fig. 58, page 81). 
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Figure 58: Proposed formation of the subaqueous fans of the Bradford Complex. LEFT: convergent flow 
of the Tweed Ice Stream and North Sea Lobe, with subglacial drainage system (blue dashed line) 
developing in strain-softened convergent zone. RIGHT: Development of interlobate lake as TIS and NSL 
separate. Subaqueous fan is indicated to have formed here. Flow trajectories are shown as black lines. 
A similar depositional setting is invoked for the eskers of Irish midlands, where a large 
interlobate lake is suggested to have formed between two retreating ice centres (c.f. Warren 
and Ashley, 1994). Delaney (2002) alternatively proposed that the Irish Eskers formed beneath 
a narrow marginal zone of stagnating, 'sluggish' ice that terminated in a large lake where water 
pressures were high enough to keep the subglacial conduits open. In both scenarios, a t ime-
transgressive genesis is proposed (Warren and Ashley, 1994; Delaney, 2002). A t ime-
transgressive mode of deposition is also favoured for the Bradford Complex. Unlike at the 
Harricana glaciofluvial Complex (Brennand and Shaw, 1996), the expected geomorphic 
characteristics of synchronous deposition are not observed at Bradford. The sub-aqueous fans 
and associated discontinuous eskers at Bradford have been interpreted as evidence of 
deposition in subglacial conduits, discharging into proglacial lakes (see section 4.2.3.2). If 
deposition of the Bradford Complex had occurred synchronously, it is difficult to account for 
the fans, as (based on the assumption that they formed sub-aqueously) standing bodies of 
water are required at the ice-margin. Ice-contact fans also form periodically (c.f. McCabe and 
Eyies, 1988; Warren and Ashley, 1994), and therefore suggest that synchronous deposition is 
unlikely as a formative mechanism for the Bradford Complex. 
The distribution and morphology of the eskers, kames and subaqueous fans of the Bradford 
Complex provide evidence on the style of deglaciation. The discontinuous nature of the eskers 
throughout the complex supports the proposition that glacial retreat in this region was 
relatively rapid (see section 5.1.4). This is based on morphological comparison with the 
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discontinuous, beaded eskers in central Ireland, the length of which was limited by rapid 
marginal retreat (Warren and Ashley, 1994). The lack of ice-trahsverse features here, as along 
the t iS track, are evidence of continuous retreat (c.f. 6 Cofaigh et al., 2008). It is noted, 
however, that the degree of post-depositional erosion of the Bradford eskers is unknown, and 
their discontinuous form may be a result of subaerial stream erosion, slumping or human 
activity. As it is proposed that eskers form within active ice (Warren and Ashley, 1994; Punkari, 
1997), and based on the above, it is likely that the Bradford complex formed within relatively 
rapid, continuously northwards retreating active ice. The presence of karines and kettle holes 
in close association with the eskers are evidence that stagnating, sediment laden ice was left 
as the margin retreated. 
There is strong evidence to suggest that the Bradford Complex was formed in the interlpbate 
zone betweein the TIS and NSL. Based on the above, the formation of this glaciofluvial and 
glaciolacustrine complex is inferred to be as follows; 
(1) In the convergence zone of the TIS and NSL, glacial f low and meltvyater drainage 
converged, leading to the formation of an subglacial drainage system. 
(2) As the TIS and NSL separated during deglaciation, lakes ponded in the interlobate zone 
between these two ice masses into which the subglacial conduits discharged. 
Deposition was initiated within .the conduits and subaqueous fans developed (c.f. 
Warren and Ashley, 1994). This complex formed t ime transgressively (c.f. Bt-ennahd 
and Shaw, 1996), wi th deposition occurring from south to north as the ice margin 
retreated. Retreat was continuous and relatively rapid, as is inferred fronfi a lack of 
flow-transverse featlires along the TIS track (c.f. 6 Cofaigh et al., 2008) and the 
discontinuous eskers at the northern end of the cbhiplex. 
(3) As the ice retreated to the north, sediment-covered stagnating ice melted, forming the 
kettle holes and hummocky moraine. 
5.3 Geomorphology and Sedimentoiogy of the TIS lateral margins 
Extensive zones of hummocky terrain have been mapped around Cornhill and Wooler (see 
sections 4.2.1, 4.2.2). These two complexes exhibit stark similarities; both are comprised of 
subglacial eskers, crevasse fills, supraglacial kames, kame terraces, ice-contact deltas and 
subaqueous fans and are found on the lower flanks of the Cheviots in close association with 
the mapped nrieltwater channels. Morphologically, these landforms are similar to those of the 
Bradford Interlobate Complex, however, they differ markedly f rom the latter with respect to 
their location situated along the lateral margins of the TIS track. The location of these 
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glaciofluvial complexes and their relationship with the surrounding landforms is key for 
determining their origin. 
The Wooler and Cornhill complexes are interpreted to have formed during deglaciation. This is 
based on several lines of evidence. Firstly, the Cornhill sands and gravels are superimposed 
over drumlins towards the southwest of the complex (as. observed by Gunn and Clough, 1895 
and Carruthers et a!., 1932), which is evidence the Cornhill Complex formed after ice streaming 
and drumlin forhiation. This is in agreement with Clappertpn (1971a). As the TIS is proposed to 
have f lowed during a late stage of deglaciation (Everest et o/., 2005), this supports the 
deglacial origin of the Cornhill Complex. Secondly, the extensive spreads of glaciofluvial 
deposits and landforms suggests high volumes of meltwater were present (Sissons, 1973). 
Thirdly, the abijndanee of meltwater channels in the Cheviots is also evidence that a well-
organised subglacial drainage system existed here (Golledge and Stoker, .2006). The association 
of these complexes wifh deglaciation is in agreement wi th previous researchers, who have 
linked the glaciofluvial complexes to ice-directed meltwater drainage from the Cheviots and 
deposition in a stagnating ice body (c.f. Carruthers, e t o / . , 1927, 1932; Clapperton, 1968, 1970, 
1971a, 1971b). 
Also in agreement with previous researchers is the assertion that the Wooler and Cornhill 
Complexes are part of the same glaciofluvial system (c.f. Carruthers et al., 1932). This is based 
on their conhparative morphology, sedimentplogy and location. The complexes are separated 
f rom each other by the Miifield Plain, which was occupied by Glacial Lake Ewart that formed 
during deglaciation as the Tweed ice had retreated froni the Cheviots (Clapperton, 1971; Evans 
et al., 2005). The former presence of this lake is recorded by glaciolacusti'ihe sediments, lake 
shorelines and glaciolacustrine deltas (Butcher, 1967). Based on the distribution of glaciofluvial 
deposits through the Glenn Valley and at the southernmost limit of the Milfield Plain, it is 
speculated that the Wooler and Cornhill complexes were connected prior to the development 
of Lake Ewart. If indeed these Cornhill-Wboler Complex (as it shall be called) was initially more 
extensive than at present, it implies that a major drainage system was in operation in this area 
during deglaciation. 
Based on the location of the Cornhill-Wooler Complex at the lateral margins of the TIS, it is 
proposed that this drainage system developed in the lateral shear zone at the margin of the 
TiS. A shear zone would have fornned between the differentially f lowing TIS and the cold-
based Cheviot Ice Cap, the latter of which is inferred to flowed radially f rom the highest 
summits to coalesce with Tweed ice (Clapperton, 1970). This interpretation is based on 
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analogy with the lateral margins of many modern ice streams which are characterised by 
heavy en-echelon crevassing (LeB. Hooke, 2005). The shear nriargihs of Jakobshavn Isbrae South 
Ice Stream in western Greenland are characterised by open, extensional crevasses with 
rounded edges and highly degraded surfaces (Mayer and Herzfeld, 2000). Meltwater will 
penetrate to the bed through these crevasses, which, together with high basal melt rates, 
leads to the development of extensive subglacial drainage networks (Paterson, 1994). It is 
considered likely that such a situation would have occurred between the TIS and the Cheviot 
Ice Cap. The association of this drainage system with the TIS is supported by the orientation of 
the eskers of the Cornhill-Wooler Complex. As f low of water within subglacial conduits is 
controlled by the ice surface slope and the pressure gradient within the ice, (Wa/ren and 
Ashley, 1994; Johansson, 2003) the orientation of eskers can be used to reconstruct ice f low 
directions. The orientation of eskers within these two cohnpilexes indicate that ice f low was E-
vy in the Corhhill Complex and N-S in the Wooler Complex. This is in broad agreement with 
regional ice f low indicators, which suggest f low of the TiS was around the Cheviots in a broad 
arc (see section 4.1.2, also Clapperton, 1970). 
It is proposed that the Cornhill-Wooler Complex formed time-trahsgressively. As esker 
deposition is Only likely within active ice (Warren and Ashley, 1994; Punkari, 1997), and the 
eskers mapped here are predominantly orientated parallel to f low of the TIS, deposition of 
these eskers must have been initiated prior to ice separation.and stagnation (Fig. 59a, page 
iB5). As the TIS and the Cheviot ice cap separated, the suture zone would have acted as a focus 
for glacial and subaerial drainage. The well-established subglacial drainage network, as evident 
from the eskers at both Cornhill and Wooler, would likely have discharged into this ice-free 
area, further focussing glaciofluvial drainage. At this t ime, the Cornhill kame terraces at 
Moneylaws Hill are proposed to have formed (Fig. 59b, page 85), along wi th the ice-contact 
fans at Roddam and the ice-contact delta at Kilham. The latter of these, as it is formed in a 
proglacial water body, is only likely to have formed once Cheviot ice had retreated from the 
Glenn Valley. Hummocky moraine and supraglacial kames would have been deposited as the 
ice dowhwasted (Fig. 59c, piage 85), wi th kettle holes forming as debris-covered ice stagnated 
(Fig. 59d, page 85). 
It is proposed that the majority of Cheviot meltwater channels also formed during deglaciation 
as the TIS retreated and the Cheviot Ice Cap downwasted. Clark et al. (2006) proposed that 
meltwater channels must develop in the ablation zones of ice sheets during retreat phases as 
large volumes of meltwater are required for their formation. The abundance of meltwater 
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channels is, as mentioned above, indicative of a well-organised sub-glacial drainage system 
(Golledge and Stoker, 2006). Four channel types have been identif ied: ice-marginal channels. 
A: Period of ice-directed drainage and esker 
formation 
The TIS and Chev io t Ice Cap a t th i s s tage a re i n f e r r e d 
t o have been c o n f l u e n t a r o u n d t h e l o w e r f lanks o f 
t h e Chev io ts . The la te ra l m a r g i n o f t h e ice s t r e a m is 
d e l i n e a t e d by t h e b o u n d a r y b e t w e e n s t r e a m l i n e d 
a n d n o n - s t r e a m l i n e d g r o u n d a n d t h e l oca t i on o f 
eskers , i n f e r r e d t o have f o r m e d in t h e la te ra l shear 
zone b e t w e e n t h e s e t w o ice masses. 
B: Period of ice separation and ice-marginal channel 
and kame terrace formation 
The Chev io t a n d TIS s e p a r a t e a long t h e i r zone o f 
c o n f l u e n c e , l e a d i n g t o t h e f o r m a t i o n o f k a m e 
te r races at M o n e y l a w s Hil l a n d i ce -marg ina l 
m e l t w a t e r c hanne l s in t h e Chev io t s (Type A 
Channe ls , see Fig. 63 ) . S u b m a r g i n a l c h u t e s f o r m as 
subaer ia l a n d g lac ia l m e l t w a t e r s p l u n g e b e n e a t h t h e 
m a r g i n o f t h e TIS. Eros ion o f subglac ia l channe ls a n d 
s u p e r i m p o s e d m e l t w a t e r channe l s , i n i t i a t e d by t h e 
d o w n w a s t i n g o f Chev io t a n d T w e e d ice. 
C: Period of proglacial channel erosion, glaciofluvial 
deposition and ice-dammed lake formation 
As t h e TIS r e t r e a t s f u r t h e r , m e l t w a t e r a n d subaer ia l 
w a t e r s f l o w f r o m t h e Chev io t s . D e p o s i t i o n o f t h e 
R o d d a m Bog i ce - con tac t f a n a n d t h e i ce -con tac t 
de l ta in t h e G l e n n Val ley a re p r o p o s e d t o have 
o c c u r r e d d u r i n g t h i s s tage , a n d also suprag lac ia l 
kames . Glacial lakes f o r m in t h e ice- f ree gap 
b e t w e e n t h e C hev i o t Ice Cap a n d t h e r e t r e a t i n g TIS 
(c.f. C l a p p e r t o n 1 9 7 1 b ) . 
D: Final stage of deglaciation 
I t is h y p o t h e s i s e d t h a t f o l l o w i n g r e t r e a t o f t h e NSL 
(~15 ka BP, see s e c t i o n 2.1) r esu l t i ng in f l o w o f t h e 
TIS o f f s h o r e i n t o t h e NSB. T h e Chev io t Ice Cap has 
m o s t l ike ly f u l l y r e t r e a t e d by t h i s t i m e (e.g. 
C l a p p e r t o n , 1 9 7 1 a ) . The f o r m a t i o n o f Glacial Lake 
Ewar t d u r i n g t h i s la te s tage o f deg lac i a t i on o n t h e 
M i l f i e l d Plain is e v i d e n c e t h a t t h e TIS w a s b l o c k i n g 
reg iona l d r a i n a g e rou tes (c.f. L u n n , 1980) . The 
C o r n h i l l - W o o l e r C o m p l e x is sugges ted t o have b e e n 
pa r t l y d e s t r o y e d by t h e d e v e l o p m e n t o f th i s lake (c.f. 
C a r r u t h e r s e t a l . , 1930) . Ke t t l e ho les f o r m e d as 
d e b r i s - c o v e r e d s t a g n a t i n g ice m e l t e d . 
Figure 59: Time-Transgressive formation of the Cornhill-Wooler Glaciofluvial complex. Red arrows 
denote flow of the TIS, orange arrows the flow of the Cheviot Ice Cap. Glacial lakes are shown in sold 
blue, beige areas show glaciofluvial deposits. Blue arrows show direction of meltwater and subaerial 
water flow. 
proglacial or submarginal chutes, superimposed englaeial channels and subglacial channels 
(see section 4.3). The distribution of these and the relationship between them provide 
information on their formation and also the style of deglaciation. As meltwater f low within ice 
will broadly flow parallel to the steepest ice surface profile (Shreve, 1972; Clark et al., 2006), 
subglacial and superimposed channels can be used to reconstruct ice fiow directions. In the 
north of the Cheviots, superimposed channels are predominantly orientated towards the 
southeast, which is broadly parallel w i th f low of the TIS. It is therefore speculated that these 
ice-directed channels were formed by the superimposition of englacial conduits that had 
formed in the strain-softened region between the TIS and Cheviot Ice Cap. Subglacial channel 
systems indicate close ice control (Lunn, 1980) and, together wi th proglacial channels form a 
radial flow pattern, indicating flow was directly off the Cheviots. It is possible that the largest, 
most well developed subglacial channel systems, such as The Trows, formed during several 
episodes of downwasting and were enlarged by subaerial waters during interglacials. As the 
ice-margihal and proglacial channels would have required an ice-free slope on which to form, 
these channels most likely represent the most recent stage of channel formation during 
deglaciation when an ice-free zone existed between the TIS and Cheviot Ice Cap. 
5.4 Regional Glaciological Implications 
Geomorpholpgical mapping of the Tweed Valley and the surrounding area has shown that 
three landform assemblages dominate the glacial geomorphological record; streamlined 
subglacial bedfdrhns, meltwater channels and glaciofluvial complexes (see chapter 4). The 
identification of these has led to the proposition that an ice stream flowed along the Tweed 
Valley and coalesced with the North Sea Lobe along the North Northumberland Coastal Plain. 
In the interlobate zone between these two ice masses, the Bradford Complex was foi^med 
during deglaciation. At the southern lateral margin of the TIS, the Cornhill-Wooler Complex 
formed as the TIS retreated f rom the lower flanks of the Cheviots. In this section, the 
implications of these data for the regional ice dynamics, the dynamics of the BIS and the wider 
glaciological implications will be discussed. 
Regarding the Devensian ice configuration of the region, there is debate as to whether the 
Cheviots supported an independent ice cap. Early theories suggested foreign ice had 
overridden the summits (Geikie, 1876, cited in Clapperton, 1970), whereas Clapperton (1970) 
proposed the existence of an indejDendent ice cap based on glacial erratics, tills and striations 
throughout the Cheviots. More recent work by Harr-ison et al. (2006) argued that periglacial 
landfprms (e.g. solifluction sheets, tors and scree-slopes) in the Cheviots were evidence that 
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the Cheviots were not covered by an ice cap dui-ing the Devensian. This latter view is rejected 
on the basis that geomorphological data presented in this study provide strong evidence that 
the Cheviots were occupied by a radially-flowing ice cap that coalesced with the TIS on its 
northern flanks. The strongest evidence to support this ice configuration pattern comes from 
the organisation of meltwater channels (see section 4.3) and the sedimentological data from 
Roddam in the Wooler Complex (section 4.2.1.2). As rhentioned in section 5.3, the organisation 
of subglacial and proglacial meltwater channels suggest ice f low was radial from the summits 
of the Cheviots. Palaeocurrent data from the ice-contact fan at Roddam also support this 
theory, as ripple, arid clast orientation suggests meltwater f low was from the NW, i.e. directly 
off the Cheviots (see section 4.2.1.2). The complex ihterbedded sand and gravel troughs and 
prograded channel fills are indicative of abundant meltwater and sediment f low from the 
Cheviots. The lack of extensive glacial erosion in the Cheviots was suggested by Clapperton 
(1970) to indicate that the Cheviot ice cap was cold-based (Clapperton, 1970). Whilst the 
presence of subglacial meltwater channels in the Cheviots would appear to contradict this, the 
subglacial channels here are interpreted to have formed during a late stage of glaciation (see 
section 4.3.4.2, page 70). Furthermore, the majority of channels in the Cheviots are associated 
with f low Of the TIS around the Cheviot Massif "(see sections 4.3.1., page 64 and 4.3.2, page 
66). 
Streamlined bedforms along the Tweed Valley and NNCP implies fast-flowing, warm based ice 
(see section 5.1). These spatially varying zones of glacial activity are evidence that the BIS in 
this region was polythermal, wi th a thawed-bed (warm-based) corridor of ice in the Tweed 
Valley bordered by slower-flowing, frozen-bed (cold-based) ice over the Cheviots. Similar, 
spatially varying, zones of glacial activity (erosion) have been observed in the Cairngorm 
Mountains in Scotland (Hall and Glasser, 2003), in NW Canada (Kleman and Glasser, 2007) and 
in Greenland (Sugden, 1974). In these regions, the distribution of frozen and thawed bed zones 
appears to be topographically controlled, with the majority of frozen-bed patches found on 
topographic highs (Hall and Glasser, 2003; Kleman and Glasser, 2007). It has been proposed in 
section 5.1.2 that the TIS was topographically controlled, wi th the lateral margins of the ice 
stream controlled by the topographic jump where the Tweed Valley meets the Cheviots and 
Lammermuir Hills. Across these thermal boundaries between the TIS and the slower-flowing 
Cheviot ice, the predicted high velocity gradients are inferred to have resulted in strain heating 
and the development of extensive subglacial drainage networks (see section 5.3). The Cornhill-
Wooler Complex formed during deglaciation in this zone. The interpretation of this complex as 
the TIS lateral niargin suture-zone signature has implications for the interpretation of 
glaciofluvial complexes found at palaeo-ice stream lateral margins. The interpretation of the 
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Bradford Kame as ah interlobate complex formed the convergence zone between the TIS and 
NSL (see section 5.2) has highlighted the importance of a landform assemblage approach; the 
close spatial association of the streamlined bedforms and glaciofluvial and glaciolacustrine 
deposits of the Bradford complex has not previously been accounted for. 
This study has provided a new insight into the late Devensian history of the Tweed Valley and 
north-east Northumberland. The highly attenuated streamlined bedforms along the NNCP and 
cross-cutting flow-sets southwest of Berwick-upon-Tweed have been interpreted as evidence 
of the diversion of the TlS by the NSL. This diversion of Tweed ice along the North Sea coast 
has been previously suggested at (c.f. Lunn, 1980; Teasdale and Hughes, 1999), although 
evidence to support it was l imited; f low trajectories were largely based on erratic distribution 
along the NNCP. The distribution and orientation of bedforms mapped in this study provide 
evidence of the interaction of two competing ice masses along the coast - the TIS and the NSL. 
The Bradford Interlobate Complex is interpreted as the onshore signature of their confluence 
and subsequent separation during deglaciation. 
Dates generated from studies into the dynamics of the NSL suggest that ice advanced into the 
NSB around 15 ka BP (and possibly earlier) (e.g. Nygard ef al., 2007; McCabe et al., 2005) in 
response to widespread cooling in the Northern Atlantic brought about by Heinrich 1 (e.g. 
McCabe et al., 1998; 2005). It is therefore proposed that the Bradford Interlobate Complex 
formed after 15 ka BP and prior to 13 ka BP, when the southerly l imit of the BIS is inferred to 
have been north of the Scottish Border (Lunn, 1980; 1995). The interaction between the NSL 
and ice f lowing from the Cheviots, Southern Uplands and the Scottish Highlands has been 
observed in County Durham, where lodgement tills are interpreted as evidence of a highly 
dynamic, multi-lobate ice sheet (Davies.et al., 2009). Combined with the findings of this study, 
which has provided substantial evidence of the diversion of the TIS in northeast 
Northumberland, our knowledge of the interactions of the NSL and ice flowing from onshore 
accumulation centres in the northeast of England is greatly improved. 
Following the retreat of the NSL, the TIS is suggested to have f lown directly offshore for a short 
period of t ime, as is inferred from the orientation of bedforms southwest of Berwick-upon-
Tweed. Through comparison of the geomorphological imprint of the TIS with other palaeo-ice 
streams (e.g. Stokes and Clark, 2003; Stokes et dl., 2006), it is suggested that the mechanism 
that led to ice-stream shut down was relatively rapid. This is based 6n a lack of 
geomorphological evidence to support a harrovying and a decrease in velocity of the TIS, which 
has been sirtiilarly observed at palaeo-ice stream locations in eastern Canada (e.g. Stokes and 
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Clark, 2003) . Everest et al. (2005) p roposed t h a t t h e TIS m a y have p ropaga ted deg lac ia t ion o f 
th is reg ion t h r o u g h t h e draw/ -down o f ice f r o m t h e h igher g r o u n d in t h e upper reaches o f t h e 
T w e e d Val ley . If th is s i t ua t i on had occu r red , it is envisaged tha t t h e TIS w o u l d have sw i t ched 
o f f once t h e v o l u m e o f ice u p s t r e a m was great ly reduced , i.e. w h e n t h e ice s t ream had ' run 
o u t ' o f ice (e.f. Stokes and Clark, 2003) . Everest et al. (2005) also e s t i m a t e d t h a t t he TIS d ra ined 
a p p r o x i m a t e l y 3500 km^ o f t h e BIS. The data p resen ted in thiis s tudy , h o w e v e r , show t h e TIS 
w a s m o r e spat ia l ly ex tens ive t h a n in i t ia l ly t h o u g h t (c.f. Everest et al., 2005) , and t h e r e f o r e , i t is 
assumed t h e TIS d ra ined a larger area o f th is sector o f t h e BIS. This is s o m e w h a t specula t ive 
and t h e r e are st i l l m a n y ques t ions su r round ing t h e t i m i n g and dynamics o f t h e TIS, par t icu lar ly 
the mechan isms t r igger ing ice s t reaming and subsequen t shu t dow/n. F u r t h e r m o r e , f e w dates 
exist t o cons t ra in these even ts in t h e T w e e d Val ley and no r theas t N o r t h u n i b e r l a n d . This s tudy 
has, h o w e v e r , i m p r o v e d o u r know ledge o n a reg ion tha t has been re la t ive ly neg lec ted in t e r m s 
o f g lac io logica l research, and opens the w a y f o r m o r e de ta i led inves t iga t ion o f th is sector o f 
t h e Br i t ish- I r ish Ice Sheet. 
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6 
CONCLUSION 
6.1 S u m m a r y 
The a im o f th is p ro jec t was t o invest igate t h e glacial g e o m o r p h o l o g y o f t h e Tweed Val ley and 
s u r r o u n d i n g area w i t h a v i ew t o recons t ruc t ing t h e reg iona l glacial h is tory . To achieve th is 
a i m , t h e f o u r ob jec t i ves set in sect ion 1.3 w e r e m e t . A rev iew o f t h e exist ing l i t e ra tu re on t h e 
f ie ld si te (ob jec t ive 1) s h o w e d a heavy focus on t h e desc r ip t i on o f t h e glacial g e o m o r p h o l o g y 
and s e d i m e n t o l o g y o f se lec ted sites t h r o u g h o u t t h e reg ion , w i t h l i t t le emphas is o n 
recons t ruc t i ng t h e reg ional ice dynamics . In o r d e r t o recons t ruc t t h e regional glacial h is tory 
(ob jec t ive 4 ) , geomorpho log i ca l mapp ing o f t he T w e e d Val ley and t h e su r round ing area f r o m 
NEXTMap OEMs (ob jec t ive 2) and sed imen to log i ca l surveys at se lected s i tes (ob jec t ive 3) w e r e 
car r ied o u t . The resul ts o f these revealed t h e d o m i n a n c e o f t h r e e glacial l a n d f o r m 
assemblages: 
(1) Highly a t t e n u a t e d , c losely-spaced subglacial s t ream l i ned bed fo rms in a b road t rack 
a r o u n d t h e Chev io t massif; 
(2) Glac iof luv ia l comp lexes at W o o l e r , Cornhi l l and Brad fo rd compr i sed o f eskers, ice-
con tac t (kame) te r races, subaqueous del tas and ice-contact fans and supraglacial kames. 
(3) Subglacial , s u p e r i m p o s e d , i ce-marg ina l , proglacial and submarg ina l m e l t w a t e r channels 
in t h e eas tern Chev io t massif and L a m m e r m u i r Hills. 
The spat ia l re la t ionsh ips and d i s t r i bu t i on o f these l and fo rms has enab led several in ferences t o 
be m a d e o n t h e glacial h is to ry o f t h e T w e e d Val ley and su r round ing area. 
6.2 Gonclusiohs 
On t h e basis o f t h e glacial geo i t i o rpho log iea l record o f t h e T w e e d Val ley and su r round ing area, 
t h e f o l l o w i n g conc lus ions are reached regard ing t h e reg ional ice dynamics . 
(1) S t reaml ined subglacial b e d f o r m s a long t h e T w e e d Val ley and NNCP have been 
associated w i t h fast ice f l o w . Suppor t i ve ev idence o f a T w e e d Ice St ream f r o m t h e 
g e o m o r p h o l o g i c a l record inc lude h ighly conve rgen t f l o w pa t te rns , h ighly a t t e n u a t e d , 
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closely-spaeed s t ream l i ned b e d f o r m s , sharp latera l marg ins and character is t ic shape and 
d imens ions . The h igh para l le l c o n f o r m i t y o f t he m a p p e d b e d f o r m s w i t h i n each o f t h e 
t w o f l ow-se ts and lack o f r e w o r k i n g o f b e d f o r m s are ind icat ive o f i sochronous ( rapid) 
f o r m a t i o n . The cross-cut t ing f l ow-se ts sou thwes t o f Be rw ick -upon -Tweed has led t o 
suggest ion t h a t t h e TIS was d i v e r t e d a long t h e IMNCP by t h e g r o w t h o f t h e NSL in t h e 
N o r t h Sea Basin du r i ng t h e Late Devehs ian. Fo l lowing re t rea t o f t h e NSL, t h e TIS f l o w e d 
d i rec t l y o f f sho re in t h e l owe r T w e e d Val ley. 
(2) The onshore s ignature o f t h e con f luence zone b e t w e e n .the NSL and t h e TIS is recorded 
by t h e B rad fo rd I n te r l oba te Complex . Ice f l o w a t th is e longa te sand a n d grave l comp lex 
was broad ly conve rgen t , as is imp l i ed , by t h e o r i e n t a t i o n o f ad jacent s t rearh l ined 
b e d f o r m s . Focussed glacial dra inage at th is zone resu l ted in t h e d e v e l o p m e n t o f an 
i n te r l oba te subglacial d ra inage n e t w o r k . Depos i t ion o f t h e B rad fo rd eskers was t i m e -
t ransgressive as t h e ice masses separa ted a long the i r zone o f con f luence and was mos t 
l ikely in i t i a ted in subglacia l condu i ts d ischarg ing in to proglacia l lakes. 
(3) The TIS is i n t e r p r e t e d t o have been largely topograph ica l l yTcon t ro l led . This is ev iden t 
f r o m t h e loca t ion o f t h e TIS la tera l marg ins in t h e T w e e d Val ley, w h i c h co inc ide w i t h t h e 
h igher g r o u n d o f t h e Chev io ts and L a m m e r m u i r Hills. Retreat o f t h e TIS is be l ieved to 
have been con t i nuous and re la t ive ly rap id , as is ev iden t f r o m t h e lack o f f l ow- t ransverse 
fea tu res a long t h e TIS and NNCP. 
(4) A t t h e TIS latera l n iarg ins , h igh rates o f shear b e t w e e n t h e s t r eam ing ice and cold-based 
ice o f t h e Cheviots resu l ted in h igh rates o f st ra in .heat ing and t h e d e v e l o p m e n t o f an 
ex tens ive subglacial dra inage sys tem. Dur ing deg lac ia t ion , as these ice masses 
separa ted , g lac io f luv ia l depos i t i on occu r red t ime- t ransgress ive ly in t h e nevyly ice- f ree 
reg ion b e t w e e n t h e TIS and Chev io t Ice Cap, leading t o the f o r m a t i o n o f t he Cornh i l l -
W o o l e r Complex . 
(5) Dur ing deg lac ia t ion , m e l t w a t e r channels f o r m e d as t h e TIS and Chev io t Ice Cap 
d b w h w a s t e d / r e t r e a t e d a n d a we l l -o rgan ised subglacial d ra inage sys tem deve loped . The 
radial o rgan isa t ion o f subglacial and proglacia l m e l t w a t e r channels in t h e Cheviots have 
been used t o s u p p o r t t h e ex is tence o f a Cheviot Ice Cap. This i n t e rp re ta t i on is in 
a g r e e m e n t w i t h p rev ious researchers w h o p roposed the Cheviots w e r e covered by a 
cbld^based ice cap t h a t coalesced w i t h fas te r - f l ow ing ice o n its l owe r f lanks (e.g. 
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Clappe r t on , 1970) . Channels o r i en ta ted paral le l t o f l o w o f t h e TIS are ev idence o f 
englacia l ehannel supe r impos i t i on in a d o w n - w a s t i n g ice sheet . 
(6) Spat ial va ry ing zones o f glacial ac t iv i ty in t h e T w e e d Val ley, NNCP and Cheviot massif 
suggest t h a t a p o l y t h e r m a l ice sheet ex is ted dui- ing t h e Late Devensian in nor theas t 
England, w i t h a warnn-based, fast f l o w i n g ice s t ream in t h e T w e e d Val ley and NNCP and 
a co ld-based ice cap over the Chevio ts . This is e v i d e n t f r o m the sharp bounda ry b e t w e e n 
s t r e a m l i n e d te r ra in in t h e T w e e d Val ley and NNCP ( ind icat ive o f w a r m - b a s e d , fast-
f l o w i n g ice) and t h e non -s t reaml ined t e r ra i n o f t h e Chev io t massif and L a m m e r m u i r 
Hills. 
(7) Geomorpho lpg i ca l m a p p i n g f r o m NEXTMap Br i ta in OEMs has p roved .an inva luab le too l 
f o r t h e recons t ruc t i on o f t h e ice dynamics o f t h e Devensian Ice Sheet in the T w e e d 
Val ley and su r round ing areas. It has been s h o w n t h a t t h i s sector o f t h e BIS was fa r nriore 
dynam ic t h a n or ig ina l ly t h o u g h t , w h i c h has w i d e r imp l ica t ions f o r t h e en t i r e BIS. 
6.3 Recommendat ions for further research 
One o f t h e ma in l im i ta t ions o f th is s tudy was t h e lack o f sed imen ta ry exposures t h r o u g h o u t 
t h e reg ion . A l t h o u g h th is has no t p r e v e n t e d in ferences be ing n iade on the genesis o f l a n d f o r m 
assemblages no r t h e reg ional ice dynamics , f u r t h e r sed imento log ica l invest igat ions w o u l d 
i h ip rove t h e robustness o f these recons t ruc t ions . As several l and fo rms o f t he Brad fo rd 
In te r l oba te Comp lex and t h e Cornh i l l -Wod le r Complex are l isted as SSSI's (e.g. t he Brad fo rd 
Kames, Campf ie ld Ket t le Holes, The T rows , Roddam Dene) , non- invasive m e t h o d s are requ i red 
t o establ ish t h e in te rna l s t ruc tu re (s t ra t ig raphy and sed imen to logy ) o f these l a n d f o r m 
assemblages. The use o f G round Penet ra t ing Radar (GPR) is r e c o m m e n d e d , as radar re f lec t ion 
prof i les can be used t o iden t i f y bedd ing s t ruc tu res and depos i ts o f vary ing densi t ies (Neal , 
2004) . GPR surveys o f t h e s t reaml ined b e d f o r m s o f t h e TIS t rack w o u l d also be inva luable to 
f u t u r e recons t ruc t ions , as t h e resul ts f r o m th is may shed l ight on w h e t h e r t h e d rum l i ns and 
f lu t ings a re rock -co red o r s h o w ev idence o f subglacia l s e d i m e n t d e f o r m a t i o n . 
The TIS is i n fe r red t o have t e r m i n a t e d an u n k n o w n d is tance o f f sho re in the N o r t h Sea Basin 
(see sec t ion 5.1). Geophysica l surveys o f b a t h y m e t r i c t roughs o f t h e An ta rc t i c Con t inen ta l 
Shelf have p rov ided i n f o r m a t i o n on t h e submar ine impr in t s o f ice s t reams t h a t re t rea ted 
du r i ng t h e Ho locene (6 Cofaigh et al., 2008) . It is suggested tha t s imi lar geophysica l surveys of 
t h e N o r t h Sea Basin o f f sho re o f Be rw ick -upon -Tweed w o u l d p rov ide i m p o r t a n t i n f o r m a t i o n on 
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t h e con f i gu ra t i on o f t h e TIS (i.e. i ts o f f sho re ex ten t and loca t ion o f its ternri inus) and t h e style 
o f re t rea t , s t r eng then ing t h e recons t ruc t i ons o f th is sector o f t h e BIS. It is a lso p r o p o s e d tha t 
in o r d e r t o fu l ly unde rs tand the reg ional ice dynamics , t he s ignature o f t he Solway Ice St ream, 
w h i c h is i n fe r red t o have been con f l uen t w i t h t h e Cheviot Ice Cap t o w a r d s t h e sou th o f t he 
Chev io t massi f (G lapper ton , 1970b; Lunn, 1995) , shou ld be inves t iga ted . It has been p roposed 
t h a t So lway ice was d i ve r ted by t h e No r th Sea Lobe (c.f. Sissons, 1964, Huddar t and Glasser, 
2002) as in t h e case o f t h e TIS. Given the va lue o f t he glacial geomorpho log i ca l record fo r the 
recons t ruc t i on o f t he TIS, an assessment o f t h e glacial ,geomorpho logy o f t he Solway Ice 
S t ream w o u l d u n d o u b t e d l y s t reng then recons t ruc t ions o f t h e con f i gu ra t i on and dynamics o f 
t h e BIS in no r theas t England. 
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APPENDICES 
Appendix A: Lithofacies Codes ( f r o m Evans and Benn, 2004) 
Code Description Code Description 
Oiamictons Very poorly sorted adwixlure of wide gra/n-size Sands Parades of Q.063-2mm 
ran^e St Medium to very coarse and trough cross-
Dmm Matrix-supported, massive bedded 
Dcm Clast-supported, massive Sp Medium to very coarse and planar cross-
DCS Oast-supported, stratified bedded 
Dms Matiii-supported, massive St (A) Ripple cross-laminated (type A) 
DmI Matrix-supported, laminated Sr(B) Ripple cross-laminated (type B) 
- - - { € ) Evidence of current reworking Sr(S) Ripple cross-laminated (type S) 
- - - ( r ) Evidence of re-sedimentation Scr Climbing ripples 
- - - { s ) Sheared Ssr Stan/ed ripples 
- - - ( P ) Includes clast pavement(s) Sh Very fine to very coarse and horizontally/plane 
bedded or low an^e cross-lamination 
Boulders ParUctes > 256mm (b-axis) SI horizontal and draped lamination 
Bms Matrix-supported, massive Sfo Deltaic foresets 
Bmg Matrix-supported, graded Sfl Flasar bedded 
Bern Clast-supported, massive Se Erosional scours with intraclasts and cnidely 
Beg Clast-supported, graded cross-bedded 
Bfo Deltaic foresets Su Fine to coarse with broad shallow scours and 
BL Boulder lag or pavement cross-stratification 
Sm Massive 
Gravels Particles of 8-256mm Sc Steeply dipping planar cross-bedding (non 
Gms Matrix-supported, massive deltaic foresets) 
Gm Clast-supported, massive Sd Deformed bedding 
Gsi Matrix-supported, imbricated Sue Upward coarsening 
Gmi Clast-supporled, massive (imbricated) Suf Upward fining 
Gfo Deltaic foresets Srg Graded cross-laminations 
Gh Horizontally bedded SB Bouma sequence 
Gt Trough cross-bedded Sops Cyclopsams 
Gp Planar cross-bedded - - - ( d ) With dropstones 
Gfu Upward-fining (normal grading) - - - (w) Wtih dewatering structures 
Gcu Upvrard-coarsening (inverse grading) 
Go Openwork gravels Silts & ciavs PaftfCtesof<0.063mm 
Gd Deformed bedding Fl Rne lamination often with minor fine sand and 
Gig Palimpsest (marine) or bedload lag veiy small ripples 
nv Fine lamination with rhythmites or varves 
Granules Parades of2-8mm Fm Massive 
GRcl Massive with clay laminae Frg Graded and climbing ripple cross-laminations 
GRch Massive and infilling channels Fcpl Cyclopels 
GRh Horizontally bedded Fp Inttaclast or tens 
GRm Massive and homogeneous - - - ( d ) With dropstones 
GRmb Massive and pseudo-bedded - - - ( w ) Wtih devratering structures 
GRmc Massive with isolated outsize clasts 
GRmi Massive with isolated, imbricated dasts 
GRmp Massive with pebble stringers 
GRo Open-work structure 
GRruc Repeating upward-coarsening cycles 
GRruf Repeating upward-lining cycles 
GRt Trough cross-bedded 
GRcu Upward coarsening 
GRfu Upward fining 
GRp Cross-bedded 
GRfo Deltaic foresets 
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Appendix B: Wentwor th Particle Size Chart (a f ter W e n t w o r t h , 1922 in Evans and Benn , 2004) 
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Appendix C: Powers' Roundness Index (after Powers, 1953, in Evans and Benn, 2004) 
Angular Subangular ^^^^^^^ Rounded ^^^^^^^ 
angular 
Appendix D: Sorting Chart (from Evans and Benn, 2004) 
5 90^6r, 
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Very well sorted Well sorted Moderately sorted 
J o ^ 
Poorly sorted 
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R B 1 . S RB1.5_ R B I .4 R B 1 . 3 RB3.6 RB3.S 
ANALYST AND DATE: 
SIEVING E R R O R ; -99.2% -99.1% -99.3% -99.216 
S A M P L E T f P E : PolymodaLVeiy Poorty Saf12d Potymodal. Very Podtty Sorted L^nimoda!. WodarateV. Sorted Potymodai, Poorty Sorted Polymodaf, r.todera&ly Sort^ SirrradaL Moderately Soned_ 
TEXTURAL CROUP; Muddy Sand.. ... _ Muddy Sand Sand 3 Sand. . . . Sand Sand 
SEDIME^fT^^AME: Medium Silty Coarss Sand 
• Very ;^03rM bt.ty Very 
Sand _ . 
Moderatery botted Ve.-y Coarse 
Sand Pooity Sorted Coarae Sand 
- Mddatstely Sorted Coarae 
Sand 
MadQratety.b0r.ed Ltedrjm 
Sand 
METHODOF; 
MOME^rrs 
Arithmetic (um) 
MEAN 233.3 . 636.3 1129.5 747.9 810.3 473.6 
SORTING . .375.* 574.5 456,9 . 468.2 459.7 342.4 
SKEVTOESS 1.1S0 .0.655 ^.043 0.787 0.521 . . . 2.503. 
. kURTOSIS 3;2-5. 2.221 2.0S5 2.587 2.356 10.13 
f.iETI-iCbOF 
MOMENTS 
GeamEins turn) 
MEAN 6:.42 269.5 .1015.0 606.0 567.9 394.1 . 
SORTING __9.73S 5.954 1.643 „ 1.359 1.946 1.786 
S K E V / N E S S -0.341 -1.212 -0.S91 -0.227 •-a.5S6 . 0.380. 
' K U R T O S I S 1 .(75 3.SOD 3.576 2.303 2.737 •3.54T 
L E T K D D Or 
MOMErSTS 
Loganlhmic (c) 
MEAN _ 1.892 . -0.023 0.723 0.5S2 . - 1.343 
SORTING 3.284 2.574 0.715 _0.970 0.990 0.837 
SKEVTOESS 0 .3 i l 1.212 0.991 0.227 0.586 • -0.380 
KURTOSIS 1.775 • 3.900 3.576 2.303 2.737 3.547 
FOLKAND 
V . ' A R D 
I L I E T H O D 
MEAN 63.e5._ . 300.3 1048.0 .624.1 630.9 389.1 
SORTING 1D.01 • 5.539 1.630 2.005 1.955 1.753 
S K E W N E S S -0.271 -0.479 m.297 -0.056 -0.176. 0.071 
KURTOSIS 0.670 1.030 1.024 0.818 0.876 -1.1 1.4 
FOLKAMD. 
WARD 
METHOD 
{« 
MEAN 3.839 . . . 1.735 -0.068 "0.680 .0.554 1.362 
SORTING 3.324 2.470 0.705 1.003 0.967 0.810 
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ANW.LYSTAKDDAIE; 
S IEVING ERROR: 
S A M " P I E T Y ^ 
Lfnimodal. NtodsTstety Wen 
Sorted Unimodal Moderate.ly Sorted Trimodal, Poorly S o r e d Unimoda!, Poorly Sorted 
T E X T U K A L GROLP; _ _ S a n d ^1uddv Sand Sandy Mud l^luddySand . . 
SEDIMEt-nTOAME: FitodereteV Well S o r e d Fine Sa.id Vejy Coarse Silry Fine Sarid 
Very Fine Sandy Very Coarse 
Siil Very Coarse Silty Fine Sand 
METHOD OF 
MEAN l i 3 . 9 _ 132.8 34.65 118:8 
MOMEMTS SORTING 62.20 56.58 35,23 54.01 . 
Arnhmelic Cam> SKEV. 'NESS 0.2S3 0.204 . _ 1.832._ rO.lOS 
KURTOSIS 2 . B S 0 . . . . 2^872 6.819 2.376 
METHOD O F MEAN 125.7 • 105.0 18.67 83.49. 
SORTING 1.881 2.491 3.687. 3.298 
S K E W N E S S ' -3.058 .-2.762 -0.767 -2.485 
KURTOSIS 20.83 12.88 3.115 9.853 
METHOD O F MEAN 2.992 3.2S1 5.743 , 3.582 
MOMEMTS SORTING 0.912 - J . 3 1 7 _ _ 1.882 1.722 
Log3nlhm'tc{'?) S K E V / N E S S 3.058 , 2.762 0.767 . 2.465 
K'JRTOSIS 20.83 12.83 3.115 . 9.S53 
FOLK AND MEAN 132.5 113.4 . . . i9.«e. . 98.49 
• V M R D 
METHOD 
SO'RTING 1,523 1.958 • 3.579 2.495 
(urn) S K E W N E S S -0.248 -0.337 -0,298 . -0.558 
KL'RTOSIS 1.057 1.473 1.057 1.923 
F O L K A N D ^ MEAN 2.915 3.078 .5.669 3.344 
WARD 
M E T H O D 
SORTING 0.699 _ 0 . 9 6 9 . 1.879 1.319 
( « S K E W N E S S 0.248 0.397 0.298 .- . 0.56S_ 
KLiRTOSIS 1.057 1.473 . „ 1.057 1.923 
F O L K A N D r.';EAN: Fine Sand .Very Fine Sand Coarse Silt Very Fins Sa'nd 
WARD 
M E T H O D 
SORTING: t.^Dderstety Weil Sorted Moderately Sorted Poorly Sorted Poorly Sorted 
S K E W N E S S ; Fine Ske-Lved Very Fine Slcsw'ed Fine,Ske'*ved _ . Very. Fine Slceiv^d 
K O R T O S I S : Mesokurtic Leptokurtic 1 MssDlojnic Very Leotakurtic 
o 
SI 
Kilham 4.9 Kilhism 4.8 Kilham 4 . 7 Kilham 4 . S Kilhum 4 .5 
A I ^ L Y S T A N D D A T E : 
SIEVING ERROR: - 33 .1« •99,3% -99.4% -39,216 -99.1% 
SAMFLETTPI: • Trtnodal. .Very.Pooriy.Soited Pot/niodai. Poorty Sorted Bimodal, Very Poorly Sorted linimodal. Very poorJy.Sorted Unimodat. Poorly Sorted 
TEXTURAL G R O L P : iluddy Sand Sand Muddy Sand _ _ Muddy Sand Sand 
SEDIMENT PtAMc: 
Nisdnjm bs.ty Very ijoerse 
Sand 
Hoony bo.ied very Ujarse 
Sand 
Medium bitty very t;oarse 
Sand 
Very t;oa:5e biity Very L;oarse 
Sa.nd Poorty Sorted l i^dnjmSand 
METHOD O F 
MOMEr>ITS 
Ajjthmfitic (urn) 
T31.4 935.7 845.1 302.8 449.9 
SORTING 625.6 593.7 _ 604.3 S30.6 315.9 
S K E W S E S 0.455 K1.024 0.176 0.230. 1.299 
KURTOSIS 1.847 1.S48 1.806 .1 ,738 5.413 
METHOD OF 
MOMENTS 
Geo fne ins turn) 
K1EAN 2£1,9 .586.9 412.5 . 356.5 309.2 
SOFrriNG T.622 _4 ,372_ 5.036 6.271 3:240 
3KEWNESS -1,337 .-2.452 -1.731 -1.435 .-2.560 
KURTOSIS 3.939 8.796 . . - 5.436 _ _ 4.234 12.01 
I.-IETHOD OF 
MOMEM7S 
Logarirhmicd) 
MEAN 1.827 0-769 1,277 1.433 1.693 
SORTING 2.930 2.284 2.594 2.649 1,696 
S I - i W N E ^ 1.3S7 2.452 1.731 1,435 2.560 
KURTOSIS 3.993 , . S , r 9 S _ . .. 5,436 4.234 12.01 . 
FOLKAN-D 
WARD 
METHOD 
(um) 
MEAN 31,1.1 788.S 528,4 365,5 360.2 
SORTING 7.12« 3.490 4,875 5.834 . . 2.407 
S K E W N E S S . ^.5S1 -0.553 -0.611 .-0.615 •0.277 
KURTOSIS 1.272 , 2 . 0 0 8 „ 1.566 1.205 . 1.415 . 
F O L K AND 
WARD 
METHOD 
• ( » 
MEAN l.fiS4 _ .0.342 0,920 1,452 -1,473 
SORTING . 2.833 . 1.803 2,225 2.544 . _ . 1.267 
S K E W N E S S 0,531 0.553 0,611 0.615 0.277 
KURTOSIS 1.272 2,003 1,566 1.203 1.415. 
F O L K A M J 
WARD 
I.IETHOD 
(Deacriptton) 
MEAN: Madium Sand .Coarse Sand Coarse Sand ^tediu^1 Sand Ivledium Sand 
SORTING: Very.Poort /So^sd Poorly Sorted • Vary Poort/Sorted Very Poorly Sorted Poorty Sorted 
S K E W N E S S : Very Fine Skewed Very Fine Skewed Very.Fine Skewed Very Fine Skewed Fina Skiewed 
KURTO'SIS': { LepioiainK; ' Very Leptotajnic Ver / Leptokufitc Leptokurtic Leptotajrttc 
3 -
U 
3 
CTQ 
T3 
Q) 
5. 
n 
a> 
1/1 
c_ 
vt 
Kilham d.4a Ki lham 4.4b Ki lham -1.3 K i lUam4 .2 
A t t t L Y S T A N D D A T E : 
S IEV ING E R R O R ; ^ - 9 9 . 4 * . . • -99.3% 
S A M P L E T Y P E : Trirhodal. Moderstety Sorlad Unimodel. Moderate*/ Sorted Unimodal. Poorty Sorted Unirtwjdal, Uoderataly.VVefl Sorted 
T E X T U K A L G R O L F : S s n d _ Sand Muddy Sand S s n d 
SEDIHEI 'JThiAME: 
ModsratsTy borisd Tilaaium 
S s n d 
^'^ot3stBteJyborted very arse 
Sand 
very i-oarae bdty Very t-ine 
Sand _ _ 
Moderatety VJel! boned Ven^.Uoarse 
Sand 
METHOD O F 
MOMENTS 
Anthmatis^um) 
MEAN *53,7 1120.3 98.57 _ -1262.4 
SORTING 330.3 489.8 110.3. _ ^ 471.9 
S K E W N E S S 1.532 0.034 7.243 -0,293 
K U R T O S I S 4.901 1.868 77.12 1.932 
METHOD O F 
l . lOMESnS 
Qeornstnc Cum) 
MEAN 364.7 992-6 66.05 . 1151.6 
SORTING . 1.977 • 1.694 _ 2.990 1.533 
SKEVi fNESS -0.050 -0.801 • .-2.016 -0.954 
K U R T O S I S 3.010 3.003 9.655 3.027 
METHOD OF 
MOME^^TS 
Logsnthmic (j) 
MEAN 1.455 _0.011_. 3.920. -0,204 
S O R T I N G 0.333 0.760 1.580 0.663 
S K E V / N E S S 0.050 3.S01 2.015 _ 0.954. . 
K U R T O S I S 3.010. 3.008 • 9.656 3,027 
F O L K AND 
W A R D 
METHOD 
MEAN 363.0 1019.9 75.15 1174:2 
S O R T I N G 1.952 . 1.696 2 .339 1.588 
S k E W N E S S b.oes -0.272 -0.235 -0.408 
KL /RTOSIS 1.069 0.881 1.445 0.963 
F O L K AND 
W A R D 
METHOD 
S ) 
MEAN 1.462 -0.02S 3.734 .-0.232 
BORrriNG 0.987 0.762 1.226 0.667 
SKEViTNESS -0.06S 0.272 _ -0.235 _ 0.408 
K U R T O S I S 1.069.. 0.881 1.445 0.963 
F O L K A K D 
. ViTARD 
METHOD 
(Ds scrip ton) 
MEAN-. Medium Sand Very Coarse Sand Very Fine S a n d . Very C o a r ^ Sand 
SORTING-. Moderately Sorted Moderataty Sorted PooTty Sotted Uoderalety Wen Sorted 
SKEV. fNESS; Symmetrical Fine Slww'ad F ine .S lewed Very Fine S(ca'A"ed 
K U R T C S I S : Mssoicurtic Platvkunic Leptolcurtic Mssokurtic 
